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CHAPTER I. INTRODUCTION 
The United States is one of the most highly agriculturally mecha­
nized countries in the world. Due to the application of advanced science 
and technology in the field of agriculture, the United States has become 
one of the major grain producers and grain exporters of the world. In 
the year 1974, the United States produced 5.149 billion bushels of com, 
2.046 billion bushels of wheat, and 1.386 billion bushels of soybeans 
(USDA, 1976), 
A major portion of the grain is utilized by the producer and the 
remainder of the crop moves into the trade channels for domestic use and 
foreign export. In the year 1974, the United States exported 0.421 bil­
lion bushels of soybeans, 1.149 billion bushels of com and 1.039 billion 
bushels of wheat. 
The grain in the field ready for harvest is undamaged and an excel­
lent source of food for man or animal. Damage to the grain begins with 
the mechanical process of harvesting. Practically every subsequent oper­
ation involved in the drying, transporting and handling of grain further 
decreases its quality. The rate of subsequent deterioration is dependent 
upon the initial injury sustained during such mechanical processes, par­
ticularly the harvesting (shelling) operation. 
During shelling, the grain is subjected to damaging impacts and 
compressive forces which result in the formation of hairline cracks, 
chipping of the pericarp and sometimes complete smashing and grinding 
of the kernels. Even kernels that appear externally sound have sustained 
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stress cracks (Roberts, 1972) and internal fractures (Chowdhury and Kline, 
1975). During the subsequent drying and handling operations there is a 
further deterioration in the quality of the grain. Thompson and Foster 
(1963) and Peplinski, et al. (1975) reported that almost 100 percent of 
the com kemels sustain stress cracks during the high speed and high 
temperature drying operations. 
The amount of com kemel breakage increases as it moves further 
away from the initial point of harvest. A recent study by Paulsen and 
Hill (1977) on com breakage in overseas shipments showed that when U.S. 
No. 3 com was loaded on the ocean vessel at Toledo, Ohio, it had only 
3.59 percent BCFM (broken com and foreign materials). The percentage 
broken com was determined by sieving the com samples through a 4.76 mm 
(12/64 in.) round hole sieve. The same load of com, when sampled frcsn 
barges at Rotterdam, Holland, had 15.04 percent BCFM. The 15.04 percent 
broken com does not include broken and scuffed kernels that did not pass 
through the above mentioned sieve. 
Mechanically injured seed may cause direct financial loss from pro­
duction to consumption, to the farmer, grain buyer, shipper and processor. 
Kaminski (1968) estimated that the quantity of fines produced by mechan­
ical damage had a market value of 3 cents per bushel. Small kernel frag­
ments (fines), which blow out with combine trash actually cause, a yield 
reduction. Mechanically damaged com had not only a lower market value 
and lower storage potential, but also a lower export appeal. 
Mechanical damage affects short and long term grain storage. Saul 
and Steele (1966) reported that high moisture field shelled com could 
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not be stored more than a few hours without deterioration in quality. 
They also reported that faster drying rates were required for damaged 
com to prevent spoilage between harvesting and drying and drying damage 
is directly related to air temperature. Thus, mechanical damage also 
adds to the cost of drying. 
Mechanically damaged shelled com molds and spoils more readily than 
sound com (Saul, 1967; Saul and Steele, 1966). Johnson and Lamp (1966) 
described the reduction of weight during the storage of com due to in­
creased respiration of the damaged product and increased biological activ­
ity of fungi and molds living in the cracks of damaged kernels and in 
broken pieces of grain. 
Mechanical damage also adds to the cost of handling and processing 
the com. The dry and wet milling industry has reported a reduction 
in both the quantity and the quality of the final products with an in­
crease in mechanical damage to the grain. Freeman (1972) reported that 
the com, damaged during harvesting, drying, storage, and handling can 
reduce production capacity of the wet milling plant and result in re­
duced yields of primary products and impair the quality of the products. 
Among the most serious problems caused by grain damage are poor mill-
ability, low oil recovery, low starch viscosity and low pigment content 
of gluten. 
Roberts (1972) reported that the dry millers are losing nearly one 
million dollars annually as a direct result of mechanical damage of com 
kernels. One of the principal products of the dry millers is the flaking 
grit, used for the production of the popular breakfast cereal. Com 
4 
Flakes. Fractures and fissions in the com kernels result in split and 
fractured grits, which result in smaller com flakes, a less desirable 
product. Production of large flakes requires com that is free from 
severe mechanical damage. 
Another serious problem, associated with com quality, that faces 
livestock feeders is the presence of molds capable of producing toxins 
in the feed. Cracks and breaks in the pericarp of kemels provide an 
excellent habitat for the growth of molds. The mold aspergillis flavus 
produces a carcinogenic substance known as aflatoxin. According to Food 
and Dmg Administration regulations, the presence of aflatoxin in a ship­
ment may result in the material being seized and destroyed. Com which 
contains more than twenty parts-per-billion of aflatoxin cannot be used 
in products intended for human consumption, such as com meal. The 
standards on com used in animal feed vary between twenty and one hundred 
parts-per-billion (Risser, 1977). Van Wormer (1972) reported that in 
the fall of 1971 alone, the FDA seized 81,720 kg. (180,000 lbs.) of com 
meal made from aflatoxin tainted white com. 
Currently, practically no measurements are made concerning mechani­
cal damage of grain at the initial selling point and therefore, no penal­
ties are applied for mechanical damage. The present USDA grain grading 
system, which has been discussed in detail in the Review of Literature 
section, does not include a provision for accounting for seeds that are 
cracked or scuffed. The only limitation on the present system is on 
material that will pass through a sieve of certain type and size (for 
example, 4.76 mm or 12/64 in. round hole sieve in the case of com. 
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commonly referred to as BCFM) . The penalty on grain containing too many 
small broken parts is a reduction in grade and possibly a reduction in 
selling price. The present system does not however, account for kernels 
that are only slightly cracked or scuffed and that do not pass through 
the standard sieve. From typical harvesting in Iowa, Ayres et al. (1972) 
reported that on the average, the BCFM was 0.7 percent compared to total 
mechanical damage of 34.4 percent. From laboratory shelling, Chowdhury 
and Buchele (1976c) reported that on the average, the BCFM was 0.77 per­
cent compared to total mechanical damage of 40.37 percent. Hence, the 
BCFM (in the case of com) represents a small fraction of the total 
mechanical damage. 
There is little or no incentive for the producer of the crop to 
minimize mechanical damage. There are also no penalties for mechanical 
damage, other than fines. One of the major reasons that there are no 
penalities for mechanical damage other than fines is that there exists 
no commercial apparatus or method for measuring mechanical damage of grain 
which is fast, reliable, economical, practical, administered without 
skilled help and above all, free of the possibility of error through hu­
man judgment. Without such a method or apparatus, no discount system 
can be applied at the initial selling point of the grain. 
Furthermore, without such a method, the farmer cannot determine 
whether an adjustment of the combine will increase or decrease the qual­
ity of grain. The farm equipment manufacturer cannot determine whether 
the quality of grain shelled by a newly developed mechanism has more or 
less damage than the previous mechanism. The grain processing 
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industries (such as wet-milling and dry-milling) cannot determine the 
quality of the grain that they are about to process. Neither can the 
domestic and foreign buyer determine the quality of the grain that they 
are about to purchase. Lack of a good, simple method for measuring 
mechanical damage has also hampered research efforts to develop improved 
harvesting machines and to breed com and other grain varieties that are 
less susceptible to mechanical damage. 
It is believed that much of the waste due to mechanical damage 
which is caused during harvesting and postharvesting operations could be 
reduced or eliminated if grain elevators or markets could establish a 
purchase price based, at least in part, on a discount given for varying 
degrees of mechanically damaged grain as it is delivered. This would 
provide some incentive for the farmer to properly adjust his combine 
and to take precautions during the drying operation to minimize mechani­
cal damage to grain. This would also create new markets for the buyers 
interested in high-quality grain, both in the United States and in the 
foreign countries. 
The objective of this research endeavor is to develop the- design 
parameters for a practical and inexpensive grain damage meter that will 
be fast and reliable and a system of grain quality evaluation that can 
be administered without skilled help and can be used in and by the grain 
trade. It is inperative that a damage meter be developed so that 
sources of mechanical damage can also be identified and eliminated. 
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CHAPTER II. OBJECTIVES 
The following objectives were established for this research endeavor: 
1) To review the literature on methods for measuring mechanical 
damage to grains. 
2) To review the literature on kernel structure and chemical com­
position of cereal grains with special reference to com and 
wheat. 
3) To study the nature of kernel damage (com) in the shelling 
crescent of a combine. 
4) To identify the design parameters for the proposed grain damage 
meter. 
5) To develop a colorimetric technique for evaluation of mechanical 
damage to grain, with special reference to com. 
6) To study the effect of the different parameters on the color­
imetric evaluation of grain damage. 
7) To study the effect of com variety, kernel size, and kemel 
moisture content on the colorimetric evaluation of grain damage. 
8) To use the colorimetric technique for evaluation of mechanical 
damage for combine harvested com samples. 
9) To develop a numerical damage index for critical evaluation of 
mechanical damage to com and for use with the damage meter. 
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CHAPTER III. REVIEW OF LITERATURE 
Measurement of mechanical damage has been one of the most elusive 
problems associated with the harvesting, handling, and marketing of com. 
A method which describes the quality of grain from the standpoint of 
physical or mechanical damage has not yet been developed. One of the 
major problems associated with evaluation of mechanical damage is deter­
mining which kernels are damaged and which are not. Whether a kernel is 
considered damaged or not depends to a large extent on the ultimate use 
of the grain. The following factors, outlined by Kaminski (1968) broadly 
related the effects of damage to grain quality for different users: 
a. Numerical grade: The USDA official grain standards relate 
price to overall seed quality. The farmers are interested 
in obtaining the highest price for their grain. 
b. Storability of grain: Grain damage affects the quality and dry 
matter of grain stored under specific conditions for a certain 
period of time. 
c. Handling ability: In the handling and export of grain, there 
is an interest in evaluating mechanical damage to grain on the 
basis of its resistance to additional crackage during subse­
quent handling. 
d. Seed viability: A seed grower evaluates seed on the basis of 
percent germination and its capability of emerging a viable 
seedling. 
Each of these people follows different methods for evaluation of 
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grain damage. They are interested in a particular aspect of the grain 
depending on its ultimate use to them. Because of differences in 
ultimate uses, different damage evaluation methods have been followed. 
Consequently, no simple, consistent and conclusive method has been de­
veloped. 
In general, grain damage can be classified into two categories— 
external and internal. Both types of damage may result from either 
physical or physiological change of grains in the field and during har­
vesting, drying, storage, and handling. External damage (physical) is 
caused mostly by combines (Mahmoud, 1972; Arnold, 1959, 1964, 1967; 
Arnold and Roberts, 1969; Ayres et al., 1972; Cooper, 1968, 1971; Bun-
nelle et al., 1954; Hall and Johnson, 1970; Kolganov, 1958; Belong and 
Schwantes, 1942; Waelti, 1967; Young, 1968) and handling equipment (Sands 
and Hall, 1969; Converse et al., 1970; and Keller et al., 1971) while 
internal damage (physical) is caused mainly by climatic or environmental 
change of the air surrounding the grain (Milner and Shellenberger, 1953; 
Chung and Converse, 1968), especially by shelling and drying and other 
postharvesting operations (Foster, 1968; Hamdy et al., 1977; Shove and 
White, 1977; Brekke, 1965, 1966, and 1968; Chowdhury and Kline, 1977b). 
Methods for Evaluating Grain Damage 
The following are the different methods that are being used for 
the evaluation of mechanical damage to grains (both external and inter­
nal) in the grain trade and by the research workers: 
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Official grain standards of the United States 
The quality of the grain in the trade channels, both for domestic 
use and foreign export is presently determined by the USDA grain grading 
system (USDA, 1970 and 1972). This system consists of numerical grades, 
•which are U.S. Number 1 through U.S. Number 5, and Sample Grade, which 
is used for grain inferior to the lowest quality numerical grade. Table 
3.1 and Table 3.2 show the numerical grades and sample grade, and grade 
requirements for corn and wheat. For the most part, the numerical grade 
deals with the storability of grain and tells the owner whether the 
grain should be dried before being placed into storage. They are of 
little value now, as high moisture corn is, as a matter of course, 
dried before being placed in storage. 
Table 3.1. Numerical grades and sample grade and grade requirements 
for com (USDA, 1970). Includes the classes yellow com, 
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grade U.S. sample grade shall be com which does not meet the re­
quirements for any of the grades from No. 1 to No. 5, inclu­
sive; or which contains stones; or which is musty, or sour, 
or heating; or which has any commercially objectionable for-
eign odor; or which is otherwise of distinctly low quality. 
Table 3.2. Numerical grades and sample grade and grade requirements for wheat (USDA, 1970). 

















damaged kernels Foreign 
classes kernels (total) material 
% % 




and Con- other 
broken Defects trasting classes 
kernels (total) classes (total) 
% % % % 
U.S. No. 1 58.0 60.0 0.1 2.0 0.5 3.0 3.0 1.0 3.0 
U.S. No. 2 57.0 58.0 0.2 4.0 1.0 5.0 5.0 2.0 5.0 
U.S. No. 3 55.0 56.0 0.5 7.0 2.0 8.0 8.0 3.0 10.0 
U.S. No, 4 53.0 54.0 1.0 10.0 3.0 12.0 12.0 10.0 10.0 
U.S. No. 5 50.0 51.0 3.0 15.0 5.0 20.0 20.0 10.0 10.0 
U.S. sample 
grade U.S. sample grade shall be wheat which does not meet the requirements for any of 
the grades from No. 1 to No. 5, inclusive; or which contains stones; or which is 
musty, or sour, or heating; or which has any commercially objectionable foreign 
odor except of smut or garlic; or which contains a quantity of smut so great that 
any one or more of the grade requirements cannot be applied accurately; or which 
is otherwise of distinctly low quality. 
*Red Durum Wheat of any grade may contain not more than 10.0% of wheat of other classes. 
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The official grain standards of the United States Department of 
Agriculture do not include a provision for accounting for seeds that 
are cracked or scuffed. The only limitation on the present system is on 
material that will pass through a sieve of a certain type and size (for 
example, 4.76 mm or 12/64 in, round hole sieve in the case of com). 
This size grading process does not separate the kernels that may have 
suffered some form of mechanical injury from the undamaged seeds. In 
fact, it only separates the finely-ground parts from the rest of the 
com. Any attempt to use the results other than in a relative sense im­
plies a correlation between the screened material and total damage. 
This relationship has not been verified in the literature. The other 
parameters that are included in the official grain standards for com 
and other cereal grains are minimum test weight, moisture content, heat-
damaged kernels and other defects (Akiyama, 1972). The standard for 
test weight implies that high test weight com has greater value than 
low test weight. This again has not been varified in the literature. 
The grades most often used in export are U.S. No. 2 for soybeans and 
wheat, and U.S. No. 3 for com (Swanson, 1977). According to the USDA 
grain grading system, U.S. No. 3 com should have a minimum test weight 
of 52.0 pounds per bushel, with a maximum limit for moisture of 17.5 per­
cent. Four percent of U.S. No. 3 com may consist of those small pieces 
of broken com kernels (mostly fines) that pass through a number 12 sieve 
and foreign material. Total damaged kernels may make up 7.0 percent of 
the com and heat-damaged kernels may make up 0.5 percent (Table 3.1). 
Whenever any of these factors exceeds the maximum limit, or falls below 
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the minimum limit in the case of test weight, the grade is changed to 
the next lowest grade and in some cases to the sample grade. 
In recent years, the U.S. grading standards have been under con­
stant criticism by several agencies. Most of the criticism has been 
directed toward using test weight, moisture content, cracked com and 
foreign material as the major factors in determining numerical grades 
for com (Sanderson, 1976; Duncan et al., 1972). To accommodate these 
criticisms, the present grading system is being studied and proposed 
changes evaluated. The future standard involving two sieves, if adopted, 
will eliminate the test weight per bushel and moisture content. Dock­
age would be assessed on the com prior to grading. Dockage would be 
any material passing through a 2.78 mm (7/64 in.) round-hole sieve plus 
any material other than com which can be handpicked from the sample. 
The farmer would not be paid for the dockage. He is now rewarded for 
increasing the broken com and foreign material specified for the grade 
(4 percent in case of Grade 3) and receives the same price per pound for 
the foreign material (often dirt) as for com. "Broken com and small 
whole kernels" would be com or pieces of com which pass;." through a 
5.95 mm (15/64 in.) round-hole sieve, but over a 2.78 mm (7/64 in.) 
round-hole sieve (Albert, 1975). Other sources (Sanderson, 1976; Hauser, 
1971) reported that damage should be more accurately identified and the 
mechanical damage should be separated from heat damage. 
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Quantitative visual inspection 
Visual inspection is one of the common methods of measuring mechan­
ical damage of seed in research activities. The principal advantage 
of this procedure is that each damaged kernel is noted and not obscured 
by the total mass. On the other hand, this method is very time consum­
ing and human fatigue influences the results. Schmidt et al. (1968) 
reported considerable differences in results occurred between persons 
making the evaluations, primarily because of the judgment involved in 
defining minute fractures as damage. Schmidt et al. also found that 
differences in results occurred even when the same investigator rein-
spected an identical sample. 
The time required and the difficulty of making visual observations 
as well as the inconsistencies in results have led to modifications of 
the technique. Fast green FCF dye treatment of seeds makes visual in­
spection easier and faster. This method was successfully used by 
Koehler (1957) in determining seed coat damage in corn. The stain ad­
heres only to the starch exposed by the broken places in the pericarp 
and to the tip where the kernel has been attached by the pedicel. The 
stain has no biological effect so that the seed can later be used for 
germination or emergence tests. Schmidt et al. (1968) reported that the 
samples with Fast green FCF dye permitted more damage to be detected but 
did not improve the precision of the estimate. 
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Qualitative visual inspection 
Most of the visual inspections that have been performed on grain 
damage have been concerned with the quantitative level of kernel damage. 
Every damaged kernel separated from the sound kernel was given equal 
weight in the damage analysis and no consideration was given to the 
severity of the damage to the kernel. 
Since mechanical damage occurs on a continuous scale from hairline 
cracks and tiny spots of pericarp missing to complete breakage, some re­
search workers have divided the damaged samples into several severity 
categories. Brass (1970) classified his sample into four classes for 
qualitative evaluation of damage: severe damage, embryo damage, crown 
damage and pericarp damage. Chowdhury and Buchele (1975) divided the 
mass of whole and damaged kernels into five different classes: broken 
kernels and fines (that portion of the sample that passed through a 
4.76 mm or 12/64 in. diameter round-hole sieve), severe damage, major 
damage, minor damage, and whole kernels. This type of classification 
has provided a better system for describing the damage inflicted during 
shelling. Difficulties are encountered, however, in classifying border­
line cases and human judgment still affects the results. 
Cold germination tests 
Cold germination test method is used by the hybrid com and other 
seed industries to evaluate seed quality and seedling vigor. Welch and 
Delouche (1969) and Clark et al. (1969) studied cold germination tests 
on mechanically-damaged cottonseed in addition to standard germination 
tests for more vigorous evaluation of mechanical damages or treatment 
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effects. They reported that as the degree of mechanical damage in 
cottonseed increased the cold test germination percentage decreased. 
Seedling growth rate tests 
Seedling growth rate (SGR) tests are used by seed laboratories to 
evaluate seed quality. In these tests, the seeds are placed in a dark 
germination chamber at 25 + 1°C for seven days. Seedlings are dried at 
80°C for 24 hours then weighed to the nearest mg and the total dry weight 
of the normal seedlings per batch is divided by the number of seedlings 
included to arrive at a SGR of mg/seedling (Burris et al., 1969). 
Seedling emergence tests on commercial com seed were made by 
Koehler (1957) and were correlated with the various types of kernel 
pericarp damage. This method, although slow, not only indicated the 
effect of damage on the potential for emergence, but allowed for differ­
ences in vigor of the surviving plants as well. Chowdhury and Kline 
(1976) used this technique to evaluate the effect of internal damage on 
com kernels from compression loading. 
Standard germination test 
Germination tests are used by all seed producers to evaluate seed 
quality. Mechanical damage is only one of many factors that affect the 
results. Frost, disease and insect damage reduce germination while par­
tial kernels will germinate if the germ is not damaged. Kolganov (1958) 
investigated the effect of mechanical damage on germination, germination 
energy and growth vigor of wheat. Damaged wheat seeds germinated well, 
however, growth vigor was reduced. There was a marked reduction in 
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the emergence of these seedlings and a reduction in the weight of the 
plants at a later date. It was reported that only 40 percent of the 
seeds with a damaged embryo emerged. 
Chowdhury and Buchele (1976a) reported that the average percent of 
germination decreases as the severity of damage increases. They divided 
the damaged kernels into four different classes. The germinations were 
0, 5.0, 38.6, and 76.-6 percent for broken kernels and fines, severe 
damage, major damage, and minor damage respectively. This method, al-
thou^ slow, not only indicates the effect of damage on the potential 
for emergence, but allows for differences in vigor of the surviving 
plants as well. 
Numerical demape index 
Chowdhury and Buchele (1976a) developed a numerical damage index by 
using one of the biological properties of the grain for critical evalua­
tion of mechanical damage of coim. In this approach they classified 
the com sample by visual inspection (by staining the damaged kernels 
with Fast green FCF dye solution) into five categories and by using a 
germination test (one of the biological properties), a relative quality 
factor (multiplier) was determined for each category. These were: 
= Broken kernels and the fines that passed through 4.76 mm 
(12/64 in.) round-hole sieve. = 10 
Dg = Severe damage - broken, chipped and crushed kernels (more than 
1/3 of the whole kernel missing). = 10 
= Major damage = open cracks, chipped and severe pericarp 
damage. = 6 
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= Minor damage - hairline cracks and spots of pericarp missing. 
= 2 
= Whole kernels - did not absorb dye on any part except tip. = 1 
The equation they developed was: 
Damage Index, D.I. = ^1^1 °2^2 ^3^3 ^  ^4^4 ^5^5 
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Where: 
^1 = percentage weight of D^ category 
^2 = percentage weight of D^ category 
S = percentage weight of D^ category 
^4 = percentage weight of D^ category 
S = percentage weight of D^ category 
This damage index can be used for both quantitative and qualitative 
evaluation of grain damage. 
Acid germination tests 
This test, promoted by National Institute of Agricultural Engineer­
ing, Silsoe, England, is a more sensitive test in which the seed is 
soaked in a 50 percent (v/v) sulphuric acid solution for three hours at 
20-21°C. Then, the seed is washed in running water, and steeped in 
excess of 2 percent calcium carbonate suspension for 15 minutes and again 
washed with water before allowed to germinate. Caldwell and Eampson 
(1958) reported that the acid penetrates through any breaks in the seed 
coat (Procter barley) and destroys the embryo, thus preventing a mechan­
ically-damaged seed from germination. The sulphuric acid did not affect 
whole, undamaged seeds. They also treated com with sulphuric acid, but 
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the removal of the outer husk and pericarp rendered com more subject 
to mold attack. Arnold (1964), in experiments with various threshing 
cylinders, used acid germination test to identify mechanical damage in 
barley. A disadvantage of this type of test is that results are not 
quickly available, since a germination count cannot be made for several 
days after planting. 
Topographical tetrazolium tests 
Lakon (1949) developed the topographical tetrazolium test for deter­
mining the germinating capacity of seeds. Tetrazolium staining, pro­
moted in the T]hited States by Moore (1961, 1967) has also been used by 
several researchers as an indication of grain damage. For this test, 
the seed is usually cut longitudinally, and the embryo is stained with 
a 1 percent aqueous solution of 2, 3, 5 - triphenyl tetrazolium chloride. 
The chemical reacts with an enzyme, supposedly present only in the live 
embryos, causing a red coloration of the embryo. This method requires 
a good knowledge of the seed parts and a great deal of experience be­
cause the difference in staining is difficult to detect. Chowdhury 
(1973) used this technique to evaluate the internal grain damage in com 
kernels caused by the rubber roller sheller. 
Chemical test 
Waelti (1967) reported that the Agricultural Marketing Service of 
the U.S. Department of Agriculture developed a chemical test for damage 
detection. An indicator solution of 100 mg iodoxyl acetate, 25 ml 
ethanol and 75 ml distilled water is used. After immersion of the seeds 
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in the solution, they are exposed to ammonium hydroxide fumes and within 
a minute cracked seeds turn blue. This method has been effective only 
for legume seeds and is not satisfactory in detecting cracked kernels of 
com. 
Carbon dioxide production method 
Measurement on the rate of grain respiration have frequently been 
made, but have not been related to the extent and characteristics_of 
mechanical damage except by Steele (1967). Steele studied the effect of 
mechanical damage on the rate of deterioration of wet, shelled com. 
His tests were based on the following respiration equation for a typical 
carbohydrate: 
^6®12 ^ ^ 6 COg + 6 EgO + 673 Cal. 
Equipment was used to control temperature and aeration, maintain the 
moisture content, and provide accurate measurement of the carbon dioxide 
production for small samples of shelled com. The increase in the rate 
of deterioration (or dry matter loss) caused by mechanical damage was 
estimated by measurement of corresponding increases in carbon dioxide 
production of the grain. It was noted that the respiratory processes 
of mold growth are similar to those of the grain itself, and thus the 
combustion of carbohydrates is a representation of both grain respira­
tion and mold growth. It was also reported that moisture content is much 
more important than kernel damage in determining the rate of carbon di­
oxide production for a test duration of four hours. Although relatively 
consistent results have been obtained, this procedure requires 
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considerable time and specialized equipment. 
Turbidity analysis 
Agness (1968) reported on a bulk test based on the assumption that 
mechanical damage will reduce the effectiveness of the seed coat as a 
barrier. Thus, damaged kernels will absorb liquids faster and allow 
certain substances to be more readily extracted from the kernels when 
soaked in water. He observed that damaged kernels absorbed water faster 
than sound kernels and spectrophotometer analysis of water extract from 
damaged samples showed more turbidity, indicating higher concentration 
of solubles. However, he also noted that it was extremely difficult to 
distinguish between different levels of damage, because the magnitude 
of the difference in water and light absorption between samples is 
usually less than the magnitude of standard error. 
Fat acidity test 
It is known that deterioration in grain and milled products of 
grain in storage is accompanied by an increase in content of acidic sub­
stances. Zeleny (1949) used this criterion to evaluate soundness and 
risk of storage in grain. He observed that there was an increase in 
acidity with decrease in grade. 
Baker et al. (1957) reported that damaged grain showed higher 
values of fat acidity depending upon the degree and type of damage. 
Baker et al. (1959) also reported that storage damage of the type caused 
by molds and heating shows high positive correlation with the fat acid­
ity value, while field damage shows low correlation. However, no 
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attempts were made to compare the level of mechanical damage to fat 
acidity value. 
Water absorption method 
Chung and Park (1971b) studied the absorption kinetics of water vapor 
by sound and various damaged grains at several environmental conditions 
and examined the possibility of grain damage by the water absorption 
rate. They found that the level of a given type of damage could be de­
tected by the absorption rate difference method; but the application of 
this method for grain grading was not practical because the absorption 
rate depended considerably upon the initial moisture content, tempera­
ture, history of the grain, and the degree of damage. Fan et al. (1965) 
made a comparison of the ratio of absorption of water by com kernels 
with and without dissolved sulfur dioxide. 
Com breakage tester 
This test has recently been developed. It involves measuring the 
increase in fine materials caused by subjecting the sample to impacts by 
a rotating impeller in a test chamber for a specific time. The com 
sample is sieved before and after the mechanical treatment using the 
standard 4.76 mm (12/64 in.) round-hole sieve. The damage is estab­
lished as a percent by weight of fines produced by the mechanical im­
pact (McGinty, 1970). 
Different researchers have found that the breakage of grain varies 
with moisture content, variety, temperature, type of load, and orienta­
tion of the kernels with respect to the load. The tests offer the 
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advantage of relating to a market grade factor and therefore, may pre­
dict future grade loss. Both Stein Laboratories and Cargill manufacture 
and market com breakage testers. Stein grain breakage tester was found 
to be satisfactory and to provide a repeatable standard treatment 
(McGinty and Kline, 1972). 
Agness (1968) reported the correlation matrix for several different 
measures of kernel damage and grain moisture content for 71 different 
machine-shelled samples. Among them. Stein breakage test results and 
fines produced at harvest, had the highest correlation (0.877). 
Chung and Converse (1968) reported that the breakage tester is not 
a reliable and adequate device to use for wheat samples because of the 
insignificantly small amounts of breakage obtained and poor reproduci­
bility and nonuniformity of the results. The inability to distinguish 
small differences in a sample is the major objection to the breakage 
tester. 
Rheological methods 
Mahmoud (1972) developed a technique for evaluating mechanical 
damage by using the bulk density of the shelled com and their rheologi-
cal properties. He observed that bulk density of shelled com decreased 
linearly with increase in damage. He also reported that strain at a 
given load increased linearly with increase in damage and the compres­
sive energy decreased linearly with increase in damage. He also noticed 
that the relaxation time decreased linearly with increase in damage. 
However, the technique at the present stage is not sensitive enough to 
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distinguish between damage levels. 
Candling method 
Thompson and Foster (1963) reported that stress cracks in com in­
duced during drying account for the increased breakage in subsequent 
handling. The author observed that stress cracks in com kemels can 
also be caused by external loading of the kemels. Thompson and Foster 
(1963) used a candling method for determining internal stress cracks in 
individual com kemels. A 150 watt incandescent light source was en­
closed in a box below a small rectangular glass-covered hole. The ker­
nels were positioned over the hole, holding the embryo side toward the 
light source. Cracks were readily detected and classified according 
to patterns. 
Other research workers such as Brekke (1968), Ross and White (1971), 
and Hamilton et al. (1972) have used the candling technique for evalua­
tion of stress cracks in com kemels. Kunze and Hall (1965), Kunze and 
Prasad (1976), Desikachar and Subrahmanyan (1961), Stermer (1968) and 
others have used this technique for evaluation of stress cracks in rice. 
Photo-elastic and numerical technique 
Arnold and Roberts (1969) developed a method which allows the deter­
mination of stress fields within ccmplex shapes such as were found with 
agricultural materials. They conducted a detailed analysis on a loaded 
wheat grain. By employing photo-elastic and numerical techniques, it 
was possible to obtain quantitative results which showed the distribu­
tion of stress within a cross section of a loaded grain. This technique 
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can be a useful tool for theoretical evaluation of grain damage. 
Infrared photographic technique 
Chung and Park (1971a) also made a feasibility study of using infra­
red photographic technique for grain grading. In this study, various 
exposure times, types of infrared films, illuminating sources, types of 
filters, etc., were used to establish an optimum condition for detect­
ing sound kernels fran a sample with damages. 
Preliminary photographs of sound yellow com kernels, moldy and 
heat-damaged com kemels were taken by infrared color film with a yel­
low filter. Results indicated that sound yellow com showed white 
images, and damaged kemels showed dark images in infrared color film. 
But, when eight different degrees of heat-damaged com samples (artifi­
cially prepared) were tested, the results indicated that all colors of 
objects tended to show yellow or yellowish green. Hence, this technique 
did not present a clear contrast between samples examined. 
Electric color sorting technique 
Electric sorting machines are available for sorting materials on the 
basis of differences in their brightness and/or color. Through use of 
appropriate light sources and corresponding photocells these machines 
can operate in regions of the electromagnetic spectrum outside the range 
of the human eye. Since the human eye is not equally sensitive to all 
colors, even within the visible spectrum, there are many possibilities 
for separations not discernible to the human eye. Boyd et al. (1968) 
have reported on the use of photoelectric color sorters for sorting 
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damaged kernels in conjunction with germination tests for different 
types of seeds. They observed that kernels with cracked seed coats did 
not have enough color difference in the damaged areas to be detected 
by the photocell. When dyeing agents were used to accentuate the dam­
aged area, partial success was reported. It was noted that this method 
required more suitable and practical methods for accentuating color dif­
ferences of damaged areas. 
Sarkar and O'Brien (1975) made a measurement of power spectra for 
the optoelectronic sorting of tomatoes and made an attempt to develop a 
model (transfer function) to simulate the transmission phenomenon of 
fruits. 
Electrostatic separation 
Harmond et al. (1961) applied the electrostatic separation tech­
nique for cleaning seeds from the contaminating materials. No attempts 
were made to evaluate mechanical damage by this technique. 
Electronic method 
Holaday (1964) investigated the use of electronic method for the 
measurement of heat-damage in artificially-dried corn. His method was 
based on measurement of moisture distribution within the com kernel; 
which was made indirectly by determining the electrical capacitance and 
d.c. resistance of the com. His results showed that capacitance-re­
sistance measurements were an accurate index of drying damage. 
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Photoelectric system 
Christenbury and Buchele (1977) developed a photoelectric measur­
ing systan for measuring mechanical damage of com. They treated mechan­
ically-damaged com kernels v^th a solution that contains a material, 
such as 8-anilino-l-naphthalene sulfonic acid, that reacts selectively 
with a damaged portion of the com kernel, i.e., the internal protein 
that is exposed when the outer shell is penetrated or breached. The 
sample after treatment was ground in a Willey mill to produce a uniform 
field and was exposed to ultraviolet light. The induced fluorescence 
was measured with a light-sensitive measuring system and related to the 
mass damage of the grain. The measuring system responded linearly to 
induced fluorescence. The output from the measuring system was linearly 
related to the mechanical damage of the sample and the system showed very 
encouraging results. 
Norris (1955) used the photoelectric technique for detecting spoil­
age in eggSi Ultraviolet light detected by two multiplier photo-tubes 
measured florescence of bacterial spoilage inside eggs. 
X-ray technique 
X-ray technique has been applied to check for internal damage (in­
sects and fractures). Cardwell and Crawford (1971) studied this tech­
nique for the detection of internal fracturing in wheat, com and rice. 
They used this technique with contact radiograph, contact fluoroscopy, 
and direct X-ray transmission. They reported that when using X-rays in 
the range of 10 to 20 kilovolts with five or fewer milliamperes tube 
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current, little difference in the quality of the photograph was noticed. 
Chung and Converse (1968) investigated the internal damage of 
wheat by radiographical examination. They studied the effect of year, 
variety, location, and method of harvesting (hand and combine) on the 
formation of single and multiple stress cracks in wheat kernels. 
Welch and Delouche (1969) used X-radiographic technique for eval­
uation of mechanical damage of cottonseeds. According to their investi­
gation, X-ray analyses of cottonseed can be used to rapidly assay seed 
lots for percentages of immature or empty seed. It also detected a 
certain percentage of mechanically-damaged seeds. 
Milner and Shellenberger (1953) used radiographic techniques to 
study the physical properties of weathered wheat in relation to internal 
fissuring. 
Laser beam reflectance 
Yoon (1969) made laser beam investigations of surface properties 
of material in order to separate undamaged from heat-damaged wheat and 
com kernels. He used a helium-neon laser as a nearly coherent illumin­
ating source in a simplified spectro-reflectometer. The detector con­
sisted of lead-sulphide crystals mounted near the sample so as to col­
lect the reflected radiation. The sample was rotated about one of its 
axes, but this caused considerable experimental error because of the 
reflected radiation that was not detected due to the irregular surface 
shape of the samples. Consequently, the technique was not able to re­
liably and consistently separate undamaged from heat-damaged wheat and 
com kemels. 
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Colorimeter reflectance method 
Wirtz (1971) investigated the use of colorimeter reflectance method 
for evaluating the heat damage to com kernels. He prepared com 
samples consisting of a control sample (no heat damage), a moderately 
damaged sample and a severely damaged sample, which were individually 
finely ground in a 200-mesh Willey mill, and then formed into 19.06 mm 
(3/4 in.) diameter pellets by using forming pressures of about 10 to 15 
thousand pounds per square inch. In most cases, this resulted in uni­
form surfaces whose reflectances were measured by using a spectronic 
colorimeter. He reported that by interpreting the meter reading, the 
degree of damage can be evaluated. However, the results from different 
degrees of damaged kemels have not been reported. 
Light reflectance method 
Commercially available color-sorting equipment, which separates 
granular materials on the basis of differences in light reflectance 
properties, is being used to a limited extent in the rice milling indus­
try for removing certain forms of damaged kemels prior to packaging 
(Anon., 1972). These reflectance type color sorters are sophisticated, 
expensive machines. Johnson (1960, 1965) used light reflectance tech­
nique for determining smut content in wheat and degree of milling of 
rice. Parkins (1975) used the light reflectance technique to develop an 
electro-optical sorter for sorting clods fran onions. However, no 
attempts have been made to sort mechanically-damaged grain from the un­
damaged grain, using this technique. 
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Light transmittance technique 
Norris (1958) studied extensively the spectral transmittance of 
agricultural products. The transmittance measurement has been found to 
be useful in indicating maturity, and internal color, and in detection 
of internal defects. 
Birth (1957, 1960) developed an instrument which measured light 
transmittance and used it to evaluate the quality of fruits and small 
grains, such as wheat. Light was transmitted through a sample of bulk 
wheat and the difference in optical density between light of 800 mn and 
930 nm wave lengths was measured. Johnson (1960) also compared this 
technique with others for evaluating smut content in wheat. Birth (1957) 
used this technique for nondestructive measurement of internal color 
of tomatoes. Massie and Norris (1975) developed a high-intensity spec­
trophotometer interfaced with a computer for food quality measurement 
based on the same principle. This technique has been adapted by Neotec 
Instruments (Rosenthal, 1973) to be used as a grain quality analyzer. 
The technique has proven to be very effective in determining the percent 
moisture, oil, and protein in grain and grain products but no attempts 
have been made to evaluate mechanical damage in grain. 
Ab sorp tion-difference technique 
Johnson (1962) used the absorption difference technique to deter­
mine damage (heat-damage, sprouted, frosted, badly-ground damage, etc.) 
in yellow com. Absorption difference was measured at two wave lengths 
(800 nm and 930 nm) and this difference was used as an index of damage 
in the sample of com. This technique showed good promise but no report 
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was made regarding the use of this technique for evaluating mechanical 
damage. 
All of the techniques for damage evaluation discussed above have 
advantages and limitations (Chowdhury, 1976). The grain industry is 
very concerned about the continued deterioration and breakage of com 
as it moves from one elevator to another, from one state to another and 
sometimes from one continent to another. There is a need for efficient 
methods and/or techniques for evaluating mechanical damage of grain. 
In order to develop such a technique, a better understanding of the ana­
tomical structure, chemical composition of the cereal grains, and the 
nature and roots of kernel damage during harvesting and postharvesting 
operations is required. 
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CHAPTER 17. ANATCMECAL STRUCTURE OF CEREAL GRAIN 
The anatomical structure of all cereal grains is basically simi­
lar, differing from one cereal to another in detail only. Size, shape, 
structure, and composition of the kernel are genetically determined. 
Kernel Size and Shape 
The approximate range of sizes (length and width) encountered among 
mature grains of the cereals and the average weight per 1000 grains are 
shown in Table 4.1. As shown in the table, the length of the kernels 
varies from 3.0 mm to 17.0 mm and the width varies frcsn 1.5 mm to 15.0 
mm. The average weight per 1000 grains also varies from 21 gm. to 
285 gm. The com kernel has the widest variation in kernel size. The 
com kernel size and weight not only varies among different varieties 
of com but also among the kernels of the same ear of com. Typically, 
the kernels at the two ends of the ear are smaller and round in shape 
compared to the kernels from the midsection of the ear. The com ker­
nels are also heavier in weight compared to other cereal grains. Fig­
ure 4.1 shows the comparative sizes and general shapes of six principal 
cereal grains. The kemel shape and size also varies among the vari­
eties of the same grain. 
Kemel Structure 
Grains of wheat, rye and maize, sometimes referred to as naked 
caryopses, consist of a fruit coat (pericarp) and seed. The seed of 
the naked caryopses is comprised of a seed coat, germ, and endosperm. 
33 
Table 4.1. Dimensions and average weight per 1000 grains of the 









(g per 1000) 
Rye 4.5-10 1.5-3.5 21 
Sorghum 3-5 2.5-4.5 23 
Rice (paddy) 5-10 1.5-5 27 
Oats 6-13 1-4.5 32 
Wheat 5-8 2.5-4.5 37 
Barley 8-14 1-4.5 37 
Maize 8-17 5-15 285 
Naked caryopses 
Wheat Rye 
O 5 lOmm 
Covered caryopses 








Figure 4.1. Grains of the six principal cereals, showing comparative 
sizes and shapes. The kernels of the three husked grains 
(barley, oats, rice) are shown in the bottom row. 
(Kent, 1966) 
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A single seed of the naked caryopses is enclosed by a thin pericarp, 
under which lies the seed coat. The aleurone layer lies under the seed 
coat and is a part of the endosperm. This layer in the wheat grain 
consists of a single layer of thick-walled cubical cells, the contents 
of which are devoid of starch but rich in protein and fat. Under the 
aleurone layer lies the endosperm. The com kernel consists of two kinds 
of endosperm, the homy endosperm and the floury endosperm. The floury 
or starchy endosperm, which is light in color, contains loosely-packed 
starch granules with little protein. The homy endosperm, vAich is 
more intensely colored in yellow varieties, has smaller starch granules. 
The cells of the horny endosperm are filled with starch granules in a 
protein matrix. The germ consists of the scutellum, plumule and radicle. 
Wolf et al. (1952a-d) made a thorough study of the anatomy and micro­
scopic structure of the com kemel. Bradbury et al. (1965a-d) made a 
thorough study of the anatomy and microscopic structure of mature hard 
red winter wheat. 
The principal parts of a dent com and wheat kemel are shown in 
Figure 4.2 and Figure 4.3. The proportion of different parts (hull, 
pericarp, aleurone layer, endosperm, embryo and scutellum) for various 
cereal grains are shown in Table 4.2, compiled by Kent (1966) from vari­
ous sources. As the table shows, the proportion of parts varies among 
different cereal grains and also among varieties of the same grain. In 
spite of this variation for different cereal grains, the general trend 
in the distribution of major components of the cereal grain is similar. 
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Figure 4.2. Cross section of a corn kernel 























Figure 4.3. Cross section of a wheat 
kernel (Brooker et al., 
1974) 
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Table 4.2. Proportion of parts in cereal grains (Kent, 1966) 
Pericarp 
Cereal Hull + testa Aleurone Endosperm Embryo Scutellum 
Wheat: 
Thatcher 8.2 6.7 81.5 1.6 2.0 
Vilmorin 27 8.0 7.0 82.5 1.0 1.5 
Argentinian 9.5 6.4 81.4 1.3 1.4 
Egyptian 7.4 6.7 84.1 1.3 1.5 
Maize: 
Flint 6.5 2.2 79.6 1.1 10.6 
Sweet 5.1 3.3 76.4 2.0 13.2 
Sorghim 8.0 82.0 10.0 
Rice: 
Whole grain 20 4.8 73.0 2.2 
Kernel: 
Indian 7.0 90.7 0.9 1.4 
Egyptian 5.0 91.7 3.3 
Oats: 
Whole grain 25 9.0 63.0 1.2 1.6 
Kernel 12.0 84.0 1.6 2.1 
Barley: 
Whole grain 13 2.9 4.8 76.2 1.7 1.3 
Kernel 3.3 5.5 87.6 1.9 1.5 
Rye 10.0 86.5 1.8 1.7 
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consists of germ (embryo and scutellum), pericarp, aleurone layer and 
the hull in the case of covered caryopses. 
A Brief Description of a Com Kemel 
The com kernel (Figure 4.2) is much larger than that of other 
cereals. The basal part, which is attached by a short stalk to the 
rachis, is narrow, the apex broad. The embryo, relatively large scutel-
lum and the endosperm are within the pericarp and testa, which are fused 
to form a "hull". The part of the hull overlying the germ is called the 
"tip cap". There is no ventral furrow or crease in maize. A detailed 
description of a com kernel is given in Appendix A. Earle et al. (1946) 
reported that the whole com kernel is comprised of the endosperm (82 
percent), the germ (12 percent), the pericarp (5 percent), and the tip 
cap (1 percent). 
A Brief Description of a Wheat Kemel 
Wheat kemel (Figure 4.3) is ovoid in shape, rounded at both ends. 
The germ is prominent at one end, a tuft of fine hairs (the beard) at the 
other. Along the ventral side of the grain there is an indentation or 
furrow (the "crease"), an infolding of the aleurone and all covering 
layers. At the bottom of the crease is a deeply pigmented vascular 
Strang (Kent, 1966). Bradbury et al. (1956a-d) reported that the whole 
wheat kemel is comprised of the pericarp (5-8 percent), the aleurone 
layer (6-7 percent), the endosperm (81-83 percent), the embryo (1-1.5 
percent) and the scutellum (1.5-2.0 percent). 
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chapter v, chemical composition of cereal grains 
The mature grain of the common cereals consists of carbohydrates, 
nitrogneous compounds (mainly proteins), fat, mineral salts and water 
together with small quantities of vitamins, enzymes, and other sub­
stances. Table 5.1 shows the proximated composition of some of the 
cereal grains (wheat, maize, sorghum, rye, barley, rice and oats) as 
compiled by Kent (1966) from different sources. As shown in the table, 
the proximate composition varies among cereal grains and also among the 
varieties of the same grain. However, the main components are the same 
for most of the cereals. The variation of protein content among cereals 
is approximately 8 to 14 percent and that of soluble carbohydrates is 
approximately 63 to 72 percent (except for rice). The minor ingredients 
also follow the same basic trend. 
The chemical composition varies not only among grains and among 
varieties of the same grain but it also varies among different parts of 
the same grain kernel. Table 5.2 shows the average composition of whole 
com and hand-dissected fractions (moisture-free basis) as cmpiled by 
Earle et al. (1946). As shown in Table 5.2, the endosperm, which is 
82.3 percent of the whole com kernel, consists of 86.4 percent starch 
and only 9.4 percent protein with minor percentages of other components. 
The getm, which is 11.5 percent of the whole com kernel consists of 
only 8.2 percent starch but twice as much (18.8 percent) protein. Table 
5.3 shows the composition of different parts of the wheat kernel as 
compiled by Inglett (1974) from different sources. Table 5.3 also 
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Table 5.1. Proximate composition of cereal grains (Kent, 1966) 
"Soluble 
Moisture Protein carbo­ Crude 
content (N X 6.25)® Fat hydrate" fibre Ash 
Cereal (%) (%) (%) (%) (%) (%) 
Wheat: 
Manitoba (15) 13.6 2.5 63.0 2.2 1.5 
English (15) 8.9 2.2 66.8 2.1 1.5 
Mixed grist 12.2 13.2 1.8 69.0 2.1 1.7 
Maize 
Flint 11.5 9.8 4.3 71.0 1.9 1.5 
Dent 11 9.4 4.1 72.1 2.0 1.4 
Sweet 10.1 10.9 8.2 67.0 2.0 1.8 
Sorghum (11) 11.0 3.2 70.9 2.4 1.5 
Rye 10 12.4 1.3 71.7 2.3 2.0 
Barley 15 10 1.5 66.4 4.5 2.6 
Rice: 
Paddy (12) 8.0 1.9 62.7 9.0 6.3 
Brown (12) 9.7 2.4 73.2 1.1 1.6 
Polished (12) 8.6 0.4 78.2 0.3 0.5 
Oats: 
Whole grain 11 10.3 4.7 62.1 9.3 2.6 
Groats 11 13.3 6.2 66.4 1.2 1.9 
X 5.7 for wheat and rye; N x 5.95 for rice. 
Table 5.2. Average cmposition of whole com and hand-dissected 
fractions (Earle et al., 1946) 
Kernel Starch Protein Lipid Sugar Ash 
Fraction (7.) (%) (%) (%) (%) (%) 
Whole grain 71.5 10.3 4.8 2.0 1.4 
Endosperm 82.3 86.4 9.4 0.8 0.6 0.3 
Germ 11.5 8.2 18.8 34.5 10.8 10.1 
Bran 5.3 7.3 3.7 1.0 0.3 0.8 
Tip cap 0.8 5.3 9.1 3.8 1.6 1.6 
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Table 5.3. Composition of different parts of the wheat kernel 
(Inglett, 1974) 
Crude Reduc­ Pento­ Cellu­
Kernel protein Lipid Starch ing sans lose Ash 
tissue sugars 
(%) (%) (%) (%) (%) (%) (%) 
Whole kernel 12.0 1.8 58.5 2.0 6.6 2.3 1.8 
Pericarp 7.5 0.0 0.0 0.0 34.5 38.0 5.0 
Testa and hyaline 15.5 0.0 0.0 0.0 50.5 11.0 8.0 
Aleurone layer 24.0 8.0 0.0 0.0 38.5 3.5 11.0 
Outer endosperm 16.0 2.2 62.7 1.6 1.4 0.3 0.8 
Inner endosperm 7.9 1.6 71.7 1.6 1.4 0.3 0.5 
Embryo and 26.0 10.0 0.0 26.0 6.5 2.0 4.5 
scutellim 
^Protein content calculated by nitrogen X 5.83; moisture content, 
15%. 
shows the variation in chemical composition of the different parts of 
the wheat kernel. In the case of wheat, the inner endosperm consists of 
7.9 percent crude protein, 71.7 percent starch and minor percentages 
of other components. However, the embryo and scutellum consist of 26.0 
percent protein and no starch at all. Although there is a variation in 
chemical composition of different parts of cereal grains, the general 
trend is the same. The endosperm, which is the major section of a ker­
nel, consists mainly of starch; and the embryo, which is the second 
major section of the kernel, consists mainly of protein. 
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Carbohydrates 
Carbohydrates are quantitatively the most important constituents, 
forming about 83 percent of the total dry matter of wheat, barley, rye, 
maize, sorghum, and rice and about 79 percent of oats (Kent, 1966). The 
carbohydrates present in cereal grains include starch, which predomi­
nates, cellulose, hemicelluloses, pentosans, dextrins and sugars. Carbo­
hydrates are classified into two main categories: the "crude fiber", 
which is estimated as that portion of the carbohydrate which is insol­
uble in dilute acids and alkalis under prescribed conditions, and the 
"soluble carbohydrates", which are calculated as the remainder after 
accounting for crude fiber, nitrogenous compounds, fat, and mineral mat­
ter. The proximate composition of soluble carbohydrate and crude fiber 
of different cereal grains are shown in Table 5.1. 
Starch 
Starch is the most important carbohydrate in all of the cereals, 
constituting 58.5 percent of the entire wheat grain and 71.7 percent of 
the inner endosperm of \dieat (Table 5.3). Similarly, starch constitutes 
about 71.5 percent of the whole com kernel and 86.4 percent of the 
endosperm (Table 5.2). 
The size and shape of the starch granules in the endosperm cells 
vary from one grain to another and among varieties and kernels of the 
same grain. The granules in wheat, rye, barley, and maize are simple, 
whereas those in rice are compound. A list of the characteristics (shape 
and size) of starch granules of cereals has been compiled by Kent (1966) 
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as shown in Table 5.4. The maize starch granules vary from 2 to 30jp 
and wheat starch granules vary from 15 to 40 p for large kernels and 1 
to 10 jj for small kernels. The wheat and starch granules are either 
spherical or lenticular in shape and simple in nature. However, the 
shape of the starch granules is different for different sections of the 
endosperm of a com kemel. The horny endosperm has angular or polyg­
onal shaped starch granules, whereas floury endosperm has spherical 
shaped starch granules. Starch is a reserve polysaccharide laid down 
in the plant in the form of water-insoluble particles, or the starch 
granules. The starch granule in normal dent com contains two kinds of 
molecules: amy lose and amylopectin. The proportion in com is about 
27 percent amylose and 73 percent amylopectin (Senti and Dilmer, 1959). 
Both molecules are high-molecular weight polymers made up of units of 
D-glucose. Starch contains varying concentrations of these two compo­
nents . 
Distribution of starch in the grain 
As shown in Table 5.2, 71.5 percent of the whole com kemel con­
sists of starch. Among different parts of the com kemel, the distribu­
tion of starch also varies. Most of the starch is found in the endo­
sperm. The endosperm consists of 86.4 percent starch, compared to germ, 
bran, and tip-cap which consist of 8.2, 7.3, and 5.3 percent starch 
respectively. 
The distribution of starch in wheat is different than that in com. 
As shown in Table 5.3, 58.5 percent of the whole wheat kemel consists 
of starch. Among different parts of the wheat kemel, endosperm is 
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Table 5.4. Characteristics of starch granules of cereals (Kent, 1966) 
Cereal Size Shape Notes 
Wheat Large: 15-40 p Spherical or lenticular 
Small: 1-10 p Spherical 
Rye Large: 25-60 ;a Spherical or lenticular 
Small: 2-10 Spherical 
Barley Large: 20-35 n Lenticular, kidney-
shaped or subangular 







granules up to 
60 jj 
Simple: 2-10 p Spherical 
2-30 ji. 1. Angular, polygonal 













Often in groups 




In flinty endosperm 
In mealy endosperm. 
No concentric 
ring s. Star-shaped 
hilum present 
Containing up to 150 
individual granules 
the only part that contains starch. The outer endosperm consists of 
62.7 percent starch and the inner endosperm consists of 71.7 percent 
starch. The other parts of the vdieat kernel, such as pericarp, testa, 
hyaline, aleurone layer, embryo and scutellum contain no starch at all. 
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Proteins 
Protein constitutes 10. 3 percent of the whole com kernel (Table 
5.2) and 12.0 percent of the whole wheat kernel (Table 5.3). In the 
primary structure, protein molecules consist of chains of amino acids 
linked together by peptide bonds between the carboxyl (COOH) group of 
one amino acid and the alpha-amino (NSg) group of the next. 
Some eighteen different amino acids occur in the proteins of cere­
als. The proportion in which they occur and their order in the chains, 
determine the characteristics of particular proteins (Kent, 1966). 
During recent years, scientists have realized that the number of 
amino-acid combinations accounting for protein composition is virtually 
unlimited. In wheat endosperm, at least 70 or 80 different proteins 
can be separated, and the total number of proteins is probably much 
greater than the number that can be distinguished by available methods 
(Inglett, 1974). 
Table 5.5 shows the fractionation procedure used by Osborne to 
classify the proteins of flour according to solubility characteristics. 
It also shows the proportions of resulting fractions for a typical 
straight grade bread flour from Canadian hard red spring wheat (Inglett, 
1974). The albumins and globulins in flour are commonly referred to as 
the soluble proteins. The insoluble portion is made up of numerous 
components. 
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Table 5.5. Osborne solubility fractionation of the proteinaceous mate­
rial in a typical straight-grade flour from hard red spring 
wheat (Inglett, 1974) 
Solvent Protein Amount (%) 
Water Low molecular weight 5.3 
Water Albumin 11.1 
0.5N NaCl Globulin 3.4 
70% Ethanol Gliadin 33.2 
0.05N Acetic acid Glutenin 13.6 
Residue protein 33.4 
Distribution of protein in the grain 
Protein is found in all tissues of cereal grains. Higher concentra­
tions occur in the embryo, scutellum and aleurone layer than in the endo­
sperm, pericarp and testa. Within the endosperm, the concentration of 
protein increases from the center to the periphery (Kent, 1966). The 
protein concentration in the dissected parts of wheat and maize grains 
and the proportion contributed by each part to the total protein of the 
grain are shown in Table 5.6. 
As shown in Table 5.6, the aleurone layer contributes a smaller 
proportion to the total grain weight in maize than in wheat, and con­
tains less of the total protein, although the concentration in that tis­
sue is similar in both cereals. The scutellum is relatively larger in 
maize than in wheat and although the protein concentration therein is 
lower, the maize scutellum contributes a considerably larger proportion 
of protein to the total than does wheat scutellum. The endosperm, 
about 80 percent of the grain by weight (Table 5.6), contributes 70 per­
cent of the protein in each cereal. 
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Table 5.6. Distribution of protein in wheat and maize (Hinton, 1953) 
Proportion of 
Proportion Protein content^ total notrient 
Part of of kernel (N X 6.25) in kernel 
grain 
Wheat Maize Wheat Maize Wheat Maize 
(%) (%) (%) (%) (%) (%) 
Pericarp 8 6.5 4.4 3.0 4.0 2.2 
Aleurone 7 2.2 19.7 19.2 15.5 4.7 
Endosperm (82.5) (79.6) — — (72.5) (71.0) 
outer 12.5 3.9 13.7 27.7 19.4 11.9 
middle 12.5 58.1 8.8 7.5 12.4 48.2 
inner 57.5 17.6 6.2 5.6 40.7 10.9 
Embryo 1 1.1 33.3 26.5 3.5 3.2 
Scutellum 1.5 10.6 26.7 16.0 4.5 18.9 
^14.5% m.c. basis. 
Amino Acids 
Basically, the properties of a protein molecule are a reflection of 
combined properties of the amino acids which, strung together like beads 
on a necklace, form its primary structure (Inglett, 1974). Amino acid 
composition of different wheat varieties is similar and amino acid 
analyses of albumins and globulins from both germ and endosperm of 
normal com show only minor differences (Paulis and Wall, 1969). 
Fat, Mineral Matter, Lipid, Sugar, Ash, Etc. 
Cereal grains are also composed of lipid, sugar, ash, fat, mineral 
matter, and other, organic compounds. They comprise a small fraction of 
the whole kernel. Tables 5.2 and 5.3 show the average proportion of 
these components in whole wheat and com kernels and also in the kernel 
components. 
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CHAPTER VI, NATURE OF CORN KERNEL DAMAGE IN THE SHELLING 
CRESCENT OF GRAIN COMBINES 
The objective of this study was to evaluate the nature of com 
kemel damage, from the standpoint of types and nature of kernel injury 
sustained by the kernels (both kemels on-the-cob and kernels off-the-
cob) while in the shelling crescent (between the cylinder and the con­
cave) of grain combines during shelling. 
In the conventional combine, all parts of the com kemel (Figure 
6.1), such as, embryo (scutellum, epicotyl, and radicle), endosperm, and 
seed coat are subjected to mechanical damage while passing through the 
shelling crescent. Subsequent operations inside the combine, such as 
sieving and cleaning action, separation over the straw walker and trans­
portation by the augers, may also contribute mechanical damage to the 
com kemels. It is well-documented that deterioration in the quality 
of com kemels begins with the mechanical process of harvesting and 
that practically every subsequent operation in the drying, transporting 
and handling further decreases the quality of the grain. This causes 
economic loss to both the farmers and the com processing industry. The 
rate of deterioration of quality of com kemels is dependent upon the 
type and magnitude of the initial injury sustained during such mechani­
cal processes, particularly during the harvesting operation. 
While the com is being shelled by a conventional combine cylinder, 
the ears are subjected to impacts (both low and high) and compressive 
loading between the rasp bar and the filler plates of the cylinder and • 
the steel bars of the concave. High-speed photography of conventional 
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Figure 6.1. Different parts of a com kernel 
com shelling operation, used by Fox (1969) revealed that an ear of 
com sustains about 7 to 9 impacts of the rasp bars of the combine 
cylinder before the kernels are shelled off-the-cob. With each of 
these impacts, the teeth of the rasp bars and the steel bars of the 
concave ccme into contact with the crowns of kemels and cause mechan­
ical damage. The high speed photography also revealed that after the 
kemels are shelled off-the-cob, some of them do not pass immediately 
througjh the concave. The detached kemels bounce repeatedly back and 
forth between the combine cylinder and the concave bars until they pass 
through the concave openings. During this bouncing period, the shelled 
kemels are subjected to high and low impacts from the rotating cylinder 
and the steel bars of the concave. The shelled kernels also are 
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subjected to compressive loads applied by the incoming ears and cobs 
when they roll over these shelled kernels, while moving through the 
shelling crescent. Thus, the com kernels, while moving through the 
shelling crescent, are subjected to mechanical damage both when they are 
attached to the cob and also after they have been shelled from the cob. 
Review of Literature 
Koehler (1957) studied the effect of grain moisture content and 
shelling method on pericarp injuries which occurred during shelling. He 
shelled the hybrid com U.S. 13 at various grain moisture contents by 
hand and by two types of mechanical shellers (2-hole sheller and cylin­
der sheller). He classified the shelled kernels into four major 
classes: kernels with sound pericarp, kernels with pericarp injury, 
kernels with tip-cap broken off, and cracked kernels. The pericarp in­
juries were classified as: severe crown injury, slight crown injury, 
injury over plumule, injury over radicle, injury around edge of germ, 
and other pericarp injuries. He reported that damage caused by a cyl­
inder sheller was 14.3 percent crown injury (6.8% severe crown injuiry 
and 7.5% slight crown injury), 29.8 percent embryo injury (5.3% injury 
over plumule, 12.6% injury over radicle, and 11.9% injury around edge of 
germ), 13.4 percent other pericarp injury, 6.6 percent tip-cap broken 
off, and 3.9 percent cracked kernels. 
Brass (1970) developed a low damage com shelling cylinder. His 
high-speed photography study revealed one similarity between his roller 
sheller and the traditional cylinder-type sheller. He noticed that. 
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in both machines, the detached kernels had considerable difficulty in 
passing through the concave opening. This was further verified by his 
study of types of damage and their percentage of the total damage caused 
by both shellers. Around 44.0 percent of the total damage was classified 
as crown and severe damage, and 56.0 percent embryo and pericarp damage 
for both machines. 
Ayres et al. (1972) found that the mechanical damage of combined 
com kernels ranged between 16.4 and 79.4 percent in typical field har­
vesting systems in Iowa. The major portion of the mechanical damage 
done to com kernels in combines is caused by the shelling operation, in 
particular when the ears and the shelled kernels pass through the shell­
ing crescent. 
Mahmoud (1972) found that the mechanical damage caused by the shell­
ing operation in the crescent ranges between 12.0 and 60.0 percent. He 
also reported that the percentage separation of shelled kernels per unit 
length of concave was higher towards the front of the concave and lower 
towards the ends; but the magnitude of percentage mechanical damage was 
lower towards the front of the concave and increased linearly with an 
increase of the concave length. His study also revealed that more dam­
age occurs as the ears and the shelled kernels progress along the concave 
towards the rear. Although most of the kernels are shelled from the 
cob in the front portion of the concave, they don't pass through the 
concave immediately. Apparently, the longer these shelled kernels con­
tinue to bounce back and forth between the cylinder and the concave, the 
more damage they sustain and consequently the total amount of mechanical 
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damage increases. 
Equipment and Procedure 
A stationary laboratory sheller (Figure 6.2), constructed from 
John Deere Model 95 combine parts, was used in this study. The relative 
position of the cylinder, beater and concave are identical to the manu­
facturer's specifications. The combine cylinder diameter was 55.88 cm 
(22.0 in.) and the width was 101.6 cm (40.0 in.). The concave clear­
ances were fixed at 2.54 cm (1 in.) in the front and 1.59 cm (5/8 in.) 
in the rear. A detailed description of the laboratory stationary sheller 
was provided by Mahmoud (1972). A portable, variable speed power supply 
was modified to operate the stationary sheller. The power unit con­
sisted of two electric arc welders. This power system was capable of 
producing up to 30 hp. The speed was controlled by welder rheostat and 
ran up to 1800 rpm. A detailed description of the power system was pro­
vided by Young (1968). Three levels of cylinder speed were used: 440, 
540, and 640 rpm. The concave and its extension were divided into four 
zones (Figure 6.3), and the samples were collected from these compart­
ments and collection pan (Figure 6.4) to investigate the nature of kernel 
damage along the concave. The fifth zone was used for the collection 
of cobs and unshelled kernels. 
The stationary sheller was fed by a belt conveyor for uniform feed­
ing as shown in Figure 6.2. The feed rate of 300 bushels per hour was 
used in the study for each run. 
One commercial variety of com. Blacks B73 x MO 17 was used in the 
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Figure 6.2. The stationary laboratory sheller 
• •• 
*0.9' 
zone 20Ne ZONE 
Figure 6.3. Schematic diagram of the shelling crescent with all the 
zones 
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Figure 6.4. The five compartments and collection pan for the zones 
experiment. The com was handpicked and husked from the fields of the 
Agronomy-Agricultural Engineering Research Center of Iowa State TJniver-
sity. The levels of kernel moisture content used were approximately 
27, 22, 19, and 16 percent (wet basis). 
In this particular study, to obtain three levels of cylinder 
speeds, four levels of moisture content and three replications of each 
treatment, it was necessary to make 36 runs of the cylinder sheller. 
Each run produced four samples at the four zones, a total of 144 samples 
for evaluating the nature of kernel damage in the shelling crescent. 
After each run, the shelled kernels with fines were collected from 
each con^artment (each of the four zones). The samples were then 
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weighed and sieved through a 4.76 mn (12/64 in.) round-hole sieve. The 
portion of the sample that passed through the sieve (Figure 6.5) was 
weighed and converted to percentage weight. The rest of the samples were 
then dried in a small drier at room temperature without any supplemental 
heat, to avoid any additional damage to the kernels. 
The dried samples were then passed through a Boemer grain divider 
to obtain a 100-gm sample for damage evaluation. The 100-gm sample was 
soaked in 0.5-percent Fast green FCF dye solution to aid in visual in­
spection (Chowdhury, 1973). Figure 6.6 shows some of the equipment used 
in this study. 
The dyed samples were then sorted by visual inspection with naked 
eyes into the following categories. 
1. Severe damage: This portion of the sample was made up of 
broken, chipped and crushed kernels. None of the kernels were 
intact in this category; at least one-third of the whole ker­
nel was missing (Figure 6.7). 
2. Crown damage: This category of damage consisted of kernels 
of which any portion of the crown was bruised, chipped, cracked 
or completely missing. Both severe and slight crown injuries 
were included in this category (Figure 6.8). 
3. Embryo damage: This category included kernels of which any 
portion of the embryo was either bruised, chipped, cracked or 
contained any hairline cracks. This included injury over the 
plumule, injury over the radicle, and injury around the edge of 
the germ. Both major or minor embryo damages were included in 
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Figure 6.5. Broken com and fines that passed through a No. 12 (4.76 
mm) round-hole sieve 
Motomco moisture meter. No, 12 round-hole sieve 
Figure 6.8. Crown damage of different magnitudes 
55 
this category (Figure 6.9). 
4. Pericarp damage: If the damaged kernel was intact and the most 
dominant damage was neither on the embryo nor crown, then it 
was classified as pericarp damage. This included open cracks, 
chipped, severe damage, major or minor injuries, hairline 
cracks in the pericarp or spots of missing pericarp (Figure 
6.10). 
5. Sound kernel: This category consisted of whole ksmels without 
any of the injuries described. In this category, the kernels 
did not absorb dye on any part of the kernel except at the 
root tip (Figure 6.11). 
When the kernels were analyzed in the different categories of dam­
age one kernel occasionally had more than one type of injury (Figure 
6.12). For example, a kernel may have had injuries over both the embryo 
and the crown. In such instances, it was possible to place the kernel 
in either category. But in this study, the injury causing a higher de­
gree of damage was used as a basis for classification. For exançle, 
if a kernel had both slight injury over the embryo and severe injury 
over the crown then it was treated as having a crown injury. The same 
procedure was applied to other categories as well. Thus, only the most 
serious or prominent damage was considered for classification, but this 
situation did not occur very often. 
When the 100-gm samples had been visually inspected and weighed for 
the different categories of damage the weights of those categories were 
also recorded as the percentage damage. The results of the evaluation 
Figure 6.10. Pericarp damage of different magnitudes 
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Figure 6.12. Kernels with more than one type of injury 
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of different categories are shown in Appendix B. 
Results and Discussion 
Figure 6.13 shows the effect of combine cylinder speed on different 
categories of kernel damage. The total damage increases with increase 
in cylinder speed. The total kernel damage increased from 26.30 percent 
for 450 rpm to 42.0 percent for 650 rpm. Each damage category also in­
creased as cylinder speed increased. Crown and pericarp damage each 
contributed around 10.0 to 12.0 percent of the total damage. 
Figure 6.14 shows the effect of the concave zone (distance from 
front of the concave) on different categories of kernel damage. The ker­
nels, while attached to the cob or free, receive additional impacts or 
are crushed as they move down the shelling crescent. Although most of 
the shelling takes place in the front part of the concave, the kernels 
continue to move toward the rear of the concave seeking a passageway 
through the concave screen. The data show there is a steady increase 
in crown and pericarp damage as the kernels move down the shelling cres­
cent. Since the velocity direction of the rasp bars of the cylinder is 
toward the rear at the time of impact, the kernels struck by the rasp 
bar as well as the kernels dislodged by the impact are batted in the 
direction of motion to the rear of the shelling crescent. Figure 6.15 
shows the effect of kernel moisture content on different categories of 
kernel damage. Table 6.1 shows the average results of different cate­
gories of damage over three replications and the replications are over 
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Table 6.1. Different categories of damage from combine-shelled com 
Damage (percent) 
Damage categories Replications^ Average 
12 3 
Sieved material 0 .84 0. 66 0 .71 0 .74 
Severe damage 4 .17 3, .39 3, .70 3 .75 
Crown damage 12 .36 11, .68 11. 40 11 .81 
Embryo damage 3 .46 3. 28 3. 31 3. 35 
Pericarp damage 14 .62 12, ,63 13. 29 13, .51 
Sound kernels 64, .55 68, ,36 67, ,59 66, .83 
Replications are over all moisture contents, cylinder speeds, and 
concave zones. Total number of samples was 125, as sane of the samples 
spoiled in storage and the damage evaluation could not be made on those 
samples. 
majority of the kernels are damaged either on the crorm or on the peri­
carp. The embryo is the part of the kernel which is least exposed to 
the impacts of the rasp bars and compression loading between the cylin­
der and the concave; it is also smaller in area. Consequently, the 
amount of embryo damage was less than crown and pericarp damage. As 
shown in Table 6.1, an average of 11.81 percent of the kernels had 
crown damage, 13.51 percent of the kernels had pericarp damage, 3.35 
percent of the kernels had embryo damage, 3.75 percent of kernels had 
severe damage, and 0.74 percent of the kernels were broken com and 
fines that passed through the sieve. It is interesting that the sieved 
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material, one of the major considerations used by the U.S. Grain Grad­
ing Service was less than 1 percent in all cases and had the least vari­
ation of any of the criteria of injury evaluated. 
The other objectives of this study were to determine the percentage 
of kernels damaged by the cylinder and the concave before and after the 
kernels were shelled from the cob and to investigate the effect of ker­
nel moisture contents, cylinder speeds, and the zones where the kernels 
passed through concave on these two categories of damage. Chowdhury and 
Buchele (1976c) reported that about 50.0 percent of the mechanically-
damaged com kemel consisted of sieved material, severe damage, and 
crown damage; they classified these types of damage as on-the-cob dam­
age (the kemel s were damaged while they were still on the cob). While 
the other 50.0 percent of the mechanically-damaged com kemels consisted 
of embryo and pericarp damage, they classified these types of damage as 
off-the-cob damage (kemels were damaged after they were shelled from 
the cob). 
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CHAPTER VII. DESIGN PARAMETERS FOR A GRAIN DAMAGE METER 
The mechanical damage evaluation technique must satisfy the fol­
lowing design parameters in order that the principle and method can 
be applied to all grains under all conditions. 
Variety and Kernel Moisture Content 
The system must be applicable to all kinds of cereal grains and 
to seeds such as legumes- Furthermore, due to the many different vari­
eties of cereals and legumes that exist (for example, the hundreds of 
varieties of the new hybrid com) the system must be able to cope with 
varietal differences-
Another variable that must be accounted for by the system is the 
difference in moisture content. Grains are not harvested at one single 
moisture content. Even a specific variety of grain is not harvested 
consistently at a specific moisture content. For example, the range 
in moisture content for harvested com is from 20-32 percent. It is 
desirable to have the system independent of or a function of moisture 
content. 
Kernel Shape, Size and Composition 
The anatomical structure of all cereal grains is basically similar. 
They differ from one cereal to another in detail only. It has been 
shown before that the kernel dimensions (length and width) vary among 
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different types of grain and also among the varieties of a specific 
grain. The same case is true for kernel composition. Not only does 
the kernel composition vary among different types of grain, but also 
among the different parts of the same kernel. It is desirable, there­
fore, that the technique or method of evaluating mechanical damage be 
independent of kernel shape, size, and composition or part of kernel. 
Sample Size 
Sample size for the evaluation of mechanical damage is another im­
portant design parameter that must be considered. It is well-known that 
the larger the sample size, and the larger the number of samples, the 
less the sampling error (Schmidt et al., 1968). Most grain kernels are 
complex in structure and vary in shape, size and physical properties. 
In any biological study, a wide range of variation among replications 
and even among samples frotn the same replication occur. Hence, in order 
to obtain statistically sound results, the sample size must be large 
enough to minimize the sampling error. Along with sample size, the 
sampling technique is also very important for safe and accurate evalu­
ation of mechanical damage to grain. Because the kernel size varies 
among grains and varieties it is desirable that the proposed damage 




Most of the com and grain sorghum in the United States is har­
vested from early to late fall. During this season, there is a great 
fluctuation of temperature from day to day as well as during the day. 
Therefore, it is desirable for the system to be independent of tempera­
ture in. order that the ambient temperature will not affect the damage 
meter reading. The evaluation technique can then be administered 
either in the field or at room temperature. If the system is not inde­
pendent of temperature, there must be a correction factor for tempera­
ture as in the case of a moisture meter reading where the dielectric 
property of the grain is a function of grain temperature. 
Duration of the Test 
Another design parameter is that the method or technique for meas­
uring the mechanical damage of grain imist be rapid but accurate. Some 
of the existing techniques are precise in evaluating mechanical damage, 
but are time-consuming. Some of these techniques require that the 
process be applied to the grain for days or even weeks before the results 
are read and evaluated. Farmers, grain dealers, grain processors and 
equipment manufacturers need a method, technique or apparatus that will 
evaluate the amount of mechanical damage in a sample of grain within a 
matter of minutes. It has been suggested that the time for evaluating 
mechanical damage of a sample of grain should not be longer than 2 to 
3 minutes. If it is fast enough, the farmer can use the results as an 
indication of the effect of an adjustment of his combine in the field 
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on grain damage. The combine manufacturers can collect and analyze 
enough data to evaluate the performance of a newly-designed machine or 
mechanism on a number of crops and varieties each season. It will also 
help the buyer and the seller of the grain to evaluate the quality of 
their grain on the spot, rather than waiting for days for the results. 
Definition of Mechanical Damage 
Mechanical damage definitions are numerous in the literature. The 
most commonly used is the one established by the official grain stand­
ards of the U.S. Department of Agriculture (1970). The USDA grain grad­
ing system uses official grain standards that classify any material 
that will pass through a sieve of a certain type and size. For example, 
a 4.76 mm (12/64 in.) round-hole sieve is used to classify com. Any 
material that passes through the sieve is classified as BCFM (broken 
com and foreign material). This definition includes not only com 
chips, but also stalk parts, cobs, dirt or other materials that do 
pass through the sieve. The system does not, however, account for ker­
nels that are only slightly cracked or scuffed and that do not pass 
through their recommended sieve. 
The American Society of Agricultural Engineers defines grain damage 
as only that attributable to the machine (Agricultural Engineers Year­
book, 1977). According to their definition, it shall be expressed as 
the percentage by weight, to the nearest one-tenth, of damaged kernels 
in the sample. The society divided the grain damage into two catego­
ries: visible grain damage and invisible grain damage. The visible 
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grain damage consists of kernels damaged where the seed coat appears 
broken to the naked eye. The invisible grain damage consists of kernel 
damage which requires instrumentation or special procedures for deter­
mination. 
The research workers, Ayres et al. (1972), Mahmoud and Kline (1972), 
and Chowdhury and Buchele (1976c), defined mechanical damage as fines 
and any kernel broken, chipped, scuffed or having any minute cracks in 
the pericarp. 
The last definition of mechanical damage by the research workers 
will be used as the basis of evaluation of mechanical damage in this 
study. This definition does not include fissures and internal damage to 
the kernel though they can be attributable to the harvesting and post-
harvesting operations. Whenever a kernel has a broken pericarp (either 
major or minor), it will be considered as mechanically damaged. The 
mechanical damage will be expressed as the percentage by weight. 
Accuracy 
Mechanical damage occurs on a continuous scale from hairline cracks 
and tiny parts of paricarp missing to complete smashing and fines. The 
definition of mechanical damage chosen for this study is not sufficient 
for defining the mechanical damage on a continuous basis. For example, 
designating a sample as containing 30 percent mechanically-damaged com 
does not explain whether all of the damaged kernels in that sample are 
severely, slightly or completely damaged. Even the above-mentioned cate­
gories do not accurately describe the kernels, as some of them will fall 
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between those categories. Hence, to make the method or technique accu­
rate, some arbitrary scale or damage index (Chowdhury and Buchele, 1976a) 
must be developed and used for the damage meter. 
Another problem associated with some of the existing methods is that 
they can evaluate mechanical damage on a broad basis but cannot distin­
guish samples with small differences, such as distinguishing between 
20 and 25 percent kernel damage. Hence, another design parameter is 
that the method, technique or system should be sensitive enough to accu­
rately distinguish between samples slightly different in the amount of 
mechanical damage. 
Free of Human Judgment 
Last but not least is that the system should be free of human, judg­
ment. Schmidt et al. (1968) made a specific study to evaluate the pre­
cision of estimating mechanical damage in lots of shelled com. They re­
ported that the main sources of variation in lot damage estimates were 
men snd sampling differences. Inconsistencies in the repeated evalua­
tions done at different times on the same sample by the same men were 
reported. Dyeing the samples (of damaged com kernels) with Fast green 
FCF dye permitted more damage to be detected but did not improve the 
precision of the estimate. 
Therefore, another design parameter that must be considered for the 
damage meter is that it must be free of human judgment or the possibil­
ity of human error in the estimation of mechanical damage. Only then 
will uniform inspection or evaluation of the mechanical damage be possible. 
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CHAPTER VIII. DEVELOPMENT OF A COLORIMETRIC TECHNIQUE FOR EVALUATION 
OF MECHANICAL DAMAGE 
According to the definition of mechanical damage as outlined in 
Design Parameters (Chapter 7), mechanically damaged grain kernels should 
have a ruptured pericarp. Once the pericarp is ruptured, either the 
embryo or the endosperm (floury or homy) is exposed to oxygen and be­
comes (if the moisture content is high enough) the seat of fungal activ­
ity that causes heating, deterioration and loss of weight of grain. 
Thus the greater the degree of severity of damage, the greater the amount 
of embryo or endosperm which is exposed to oxygen. This exposed area 
can effectively be used as a criterion for determining the amount and 
severity of damage in developing a technique for evaluation of grain 
damage. 
In Chapter 6 it was stated that most of the damage to a com ker­
nel occurs while the kernel is in the combine-shelling crescent and 
occurs either on the crown or on the pericarp of the kernel. The crown 
and pericarp consist of the endosperm and the pericarp. In Chapter 5 
it was stated that the endosperm is the major component of the total 
cereal grain kernel. In the case of com, endosperm makes up 82.3 per­
cent of the com kernel, compared to 5.3 percent for the pericarp, 11,5 
percent for the embryo and 0.8 percent for the tipcap. It has also been 
stated that the major component of the endosperm is starch, which makes 
up 86.4 percent, ccanpared to protein, which makes up only 9.4 percent 
and lipids 0.8 percent, sugar, 0.6 percent and ash, 0.3 percent. 
71 
When the endosperm is exposed to oxygen, the various components of 
the endosperm are also exposed to oxygen, such as: starch, protein, 
lipids, sugar, and ash. The starch and protein are the two main compo­
nents of the endosperm. Thus, if it is possible to measure the amount 
of starch or protein which is exposed to oxygen, this measurement will 
be indirectly an indication of the amount (as well as the severity) of 
mechanical damage which has been suffered by the kernel. A grain sample 
(for mechanical damage evaluation) will consist of a number of kernels, 
which includes both damaged and undamaged. Thus in the case of a grain 
sample the total amount (sum of the individual kernels) of starch or 
protein exposed to oxygen will represent indirectly the amount of total 
damage (including severity of mechanical damage) inflicted on the grain 
sample. 
The amount of starch and/or protein exposed to oxygen can be esti­
mated by staining the starch or protein granules with some dye or a 
biological stain. The dye will react (physio-chemically) either to the 
starch or to the protein granules. Once the dye or the biological stain 
reacts either with the starch or the protein granules of the exposed 
damaged area of the kernel, it will stain the damaged area and will also 
make the damaged area visible. The amount of visible damage area then 
can be measured either directly or indirectly. Any approach to measure 
the visible damage area directly would be impractical, since the damaged 
kernel will have deep cracks and irregular damaged area. The other 
approach is to use an indirect method to measure the visible damaged 
area. 
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One of the indirect approaches studied is to use a biological 
stain, such as a Fast green FCF dye which has been used by many research 
workers (Koehler, 1957; Fox, 1969; Mahmoud, 1972; Chcwdhury, 1973) in 
the field of grain harvesting and grain damage. This dye was used by 
them to make the damaged area visible. This particular dye only stains 
damaged areas and does not stain the intact or undamaged pericarp. The 
next step is to extract the dye adhering to the damaged area. The con­
centration (or the amount), of the dye extracted, will then be an in­
direct measure of the exposed area of the damaged kernel. 
Biological Stains and Staining Techniques 
The art of staining plant or animal tissues and cells with dyes 
(or biological stain), in order to study their microscopic details is 
an old one. Immense studies have been made during the past few decades 
in all aspects of microscopic technique, and great progress has been 
made in revealing the life histories of plant and animal cells. In re­
cent years, the introduction of electron microscopy in the biological 
field has widened this field to a much greater extent (Juniper et al., 
1970). 
There are numerous uses of the art of staining in the field of liv­
ing sciences. Among them, animal microtechnique, histochemistry, plant 
histology, plant cytology, and microbiology are some of the most impor­
tant ones. Plant histology deals with the microscopic structure of the 
tissues and plant cytology deals with the stmicture, function, pathology 
and life history of cells. 
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The subject of dyes or biological stains and methods of using them 
has become one of vast proportions. The number of dyes available is 
enormous, and ways of employing stains are almost as numerous as the 
workers using a particular stain or combination of stains. Standard­
ization in the manufacture and certification of dyes of American manufac­
ture has been attained through the Biological Stain Commission. The 
preparation and use of stains has almost become a science in itself, and 
there exists a valuable journal. Stain Technology, devoted to this and 
related subjects. 
The names of the dyes or the biological stains that can be used 
for specific structures (with special reference to botany) are tabulated 
in Appendix C. The book. Conn's Biological Stains (Lillie, 1969), deals 
in detail with the nature and use of the dyes employed in the biologi­
cal laboratories. It gives a detailed description of the useful dyes, 
including color index number, chemical structure of the dye, chemical 
formula, molecular weight, maximum absorption wave length of the dye and 
names of some of the authors and the specific uses for their dyes. The 
books by Conn et al. (1960) and McManus and Mowry (1960) described in 
detail the different staining methods by the Biological Staining Commis­
sion and others. The book by Sass (1958) deals with botanical micro­
technique and the book by Johansen (1940) deals specifically with the 
plant microtechnique. 
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The Mechanism (Theory) of Staining 
It is beyond the scope of this thesis and the knowledge of the 
author to explain in detail the physical and chemical phenomena that 
are involved in the mechanism of staining. 
Research workers in this field feel that histological staining de­
pends not on a single mechanism but on several diverse ones. The debate 
on whether certain stains were physical and adsorptive in nature, or 
chemical, due to union of dye acids and bases with tissue bases and 
acids, was solved with the development of physical chemistry. It is now 
believed that both physical and chemical factors operate in the mecha­
nism of staining. 
The belief that certain colorations are readily extractable and 
others not has been urged as the basis for classifying the first as a phys­
ical and the second as a chemical phenomenon. Many chemical reactions, 
however, are reversible, proceeding in the direction dictated by mass 
action. 
When a tissue component, which always has its particular structure 
and is present in a minute quantity, (although locally concentrated and 
immobile) is exposed to a dye solution (the dye stuff which is also a 
chemical reagent and is present in a relatively enormous quantity) more 
or less stable unions are formed. Then, when a dye-free extracting 
agent is applied, the mass action gradient is reversed and the dye is 
given up to the solvent. These actions are characteristic of certain 
types of physico-chemical reactions. In other cases more stable unions 
are formed and the coloration is not removed under ordinary conditions. 
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The author intended to use certain types of these physico-chemical 
reactions between the tissue or cells, and the dye for the colorimetric 
evaluation of mechanical damage to grain. The chemical reaction between 
the dye and the tissues or cells has to be reversible, in order to use 
the staining technique for the evaluation of grain damage. 
It was expected that when the tissues or cells from the damaged 
section of the seed were exposed to a dye solution, a more or less stable 
union would form. It was also expected that the stable union would form 
only between the tissues and cells of the damaged section of the grain 
and not with the tissues and cells of the pericarp or the undamaged 
section of the seed. Only then would it be possible to wash the grain 
samples under running water in order to remove the extra dye fron the 
pericarp, held by surface tension, so that the dye would be left only 
on the damaged section of the kernel. Then, the washing operation would 
not affect the dye that makes stable bond to the tissues and cells but 
would wash off the extra dye that was on the pericarp or the undamaged 
section of the seed. 
Then the next step -would be to treat the dyed damaged sample with 
a dye-extracting agent. When a dye-free extracting agent (or a bleach­
ing solution, such as NaOH or KOH) is applied, the mass action gradient 
is reversed and the dye will be given up to the solvent. 
The next step would be to determine whether the dye in the extract­
ing solution follows the Beer's Law. If so, then the amount of the dye 
present in the solvent or the extracting solution can be measured by 
using the colorimetric principle. The amount of dye thus present in the 
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extracting agent will indicate indirectly the amount of exposed tissues 
and cells from the damaged section of the seed that formed a stable 
union with the dye. The amount of stained tissues and cells is in di­
rect proportion to the amount of the exposed area of the damaged seed 
to oxygen. Hence, the amount of the dye present in the extracting agent 
is directly porportioned to the amount (which also, includes the sever­
ity) of mechanical damage that has been suffered by the seed. 
As discussed earlier, a sample of grain, for evaluation of mechan­
ical damage will consist of a number of individual seeds, either damaged 
(to any extent) or undamaged. Instead of a single seed, if the whole 
sample of grain is treated as before, then the amount of the dye present 
in the extracting agent will be directly proportional to the amount of 
mechanical damage (which also includes the severity) present in the 
sample of grain in question. The amount of mechanical damage present in 
the sample and consequently the dye present in the extracting agent can 
be presented in a continuous scale from a lower concentration to a higher 
concentration. The proposed scale will be indexed to indicate the 
mechanical damage in the sample because mechanical damage also occurs 
on a continuous scale from a hairline crack and tiny spots of pericarp 
missing to complete breakage and smashing. 
Dyes for Staining 
There are numerous dyes that are available for cytological and 
histological studies, which includes the microscopic study of either the 
cells or the tissues. For example, to stain the cytoplasm (which is 
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protoplasm of a cell, exclusive of the nucleus), there are 12 different 
dyes that can be used, as shown in Appendix C. The protoplasm consists 
of a semifluid, viscous, translucent colloid, the essential living mat­
ter of all animals and plant cells. It consists largely of water, pro­
tein, lipids, carbohydrates, and inorganic salts and is differentiated 
into nucleoplasm and cytoplasm. A review of the journal on stain tech­
nology will reveal numerous dyes and techniques for staining the cyto­
plasm, and for studying the structure, function, pathology and life his­
tory of cells. Some of the dyes that are metnioned in Appendix C for 
studying cytoplasm are Acid fuchsin. Anil in blue, Eosin Y, Fast green 
FCF, Orange G, and Methyl orange. The same dye can also be used to 
study different tissues or cells. For example, Fast green FCF dye can 
be used to stain the achromatic figure, the cellulose cell wall, and 
also the cytoplasm. It is also possible for the same dye to stain dif­
ferent elements different colors. For example. Iodine is well-known as 
a specific color indicator for starch, when made up in combination with 
potassium iodide. The color reactions of iodine on sections of fresh 
material are as follows: blue for starch and saponin, brown for cellu­
lose and protein, and yellow for pectin, cutin and cork. 
Requirements for the Dye Selection 
One of the requirements for the selection of the dye in question 
is that it will react and stain simultaneously with the cells and tis­
sues of the damaged exposed area of the grain (com, wheat, sorghum, 
etc.). The chemical reaction between the dye and the tissues or cells 
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of the damaged exposed area has to be a reversible one, so that the dye 
can be dissolved in the extracting agent. During the chemical reaction 
it will also make a stable union between the dye and tissues or cells, 
so that during the washing operation the dye adhering to the damaged 
part of the kernel will not wash away. 
The other requirement is that the dye will neither diffuse through 
the sound pericarp (in short contact period) nor will it react to the 
tissues or cells of the pericarp or the undamaged section of the seed. 
Thus, while washing the seed under running water, the extra dye will be 
removed from the sound pericarp. The only places the dye will be left 
is the damaged part of the seed. 
Specific Types of the Dye 
The main fraction of the seed that is of interest, from the point 
of view of mechanical damage is the endosperm, where most of the damage 
takes place. The other fraction of the seed that is of interest is 
the intact pericarp, which protects the seed from being mechanically 
damaged or injured. The chemical composition of cereal grains discussed 
in Chapter 5 reveals that starch and protein are the two most important 
constituents of the endosperm. According to Inglett (1970, 1974) com 
endosperm consists of 86.4 percent starch, 9.4 percent protein and wheat 
endosperm (inner) consists of 71.7 percent starch and 7.9 percent pro­
tein. According to Inglett (1970, 1974) com bran consists of 7.3 per­
cent starch, 3.7 percent protein and wheat pericarp consists of 0.0 per­
cent starch and 7.5% protein. Other sources, such as Shollenberger and 
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Jaeger (1943) reported that maize bran consists of 0.0 percent starch 
and 2.0 percent protein. In any case, the bran (pericarp) contains 
either little or no starch at all and a small amount of protein, whereas 
the endosperm consists of mainly starch and small amounts of protein. 
Thus one of the approaches for the selection of the dyes will be to 
select a dye that will react with starch only. In that case, the dye 
will not react with the pericarp which is void of starch. However, in 
case of a ruptured pericarp the dye will react with the starch of the 
exposed endosperm and embryo. The other approach is to select a dye 
that will react with protein only. In that case there is a possibility 
that the pericarp might be stained and the embryo will be stained darker 
as it contains more protein than endosperm. Another approach is to 
select a dye that will react with both protein and starch. Another 
alternative is to select a combination of two or more different kinds 
of dye that will simultaneously stain starch and protein. A dye which 
stains cytoplasm may also be used for this purpose. Because, the cyto­
plasm contains both the starch and protein globules. 
Review of Literature on Dye Selection 
No attempts were made for a thorough review of the literature on 
dyes and the staining techniques from the journal. Stain Technology. 
Most of the techniques described in Stain Technology, involved compli­
cated procedures, as the primary interest of those investigators are in 
analyzing the function and structure of cells and tissues. A limited 
literature search was made in the journal. Cereal Chemistry. The 
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primary interest of the investigators in this journal were to find simple 
and rapid methods for the determination of starch and protein content 
in the cereal grains. A brief summary of the literature search is given 
below, with special reference to the dyes that have been used by these 
investigators for the determination of starch and protein content in 
the cereal grains. 
Greer and Stewart (1959) studied the water absorption of wheat 
flour and the relative effects of protein and starch on water absorption. 
They measured the water absorption of flour from two wheat varieites 
and compared the results with estimates of flour-nitrogen and damaged 
starch content. The microscopical counts of damaged starch grains was 
indicated by capacity to stain congo red. They reported that the dif­
ference in absorption was largely accounted for by variation in those 
two factors. 
Sandstedt and Mattem (1960) studied the damaged starch and devel­
oped a procedure for quantitative determination in flour. They reported 
that starch granules are easily damaged by pressure, shear or strain 
such as that applied by the grinding procedure in flour milling, wheat 
milling, and baking industries. They reported that damaged starch dif­
fers from normal starch in a number of respects: water absorption 
(swelling in water), solubility, and susceptibility to staining with 
iodine, and certain other dyes. They also reported that damage, as evi­
denced by swelling and staining with diluted iodine (O.OOOIN) or congo 
red does not generally extend to all parts of the granules. 
MedeaIf.and Gilles (1965) determined the starch damage by measuring 
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the rate of iodine absorption. They reported that the rate of iodine 
absorption by a starch suspension depends on the characteristics of 
granules. Damaged starch absorbs iodine at a faster rate than undam­
aged starch. They also found a linear response between percent starch 
damage and iodine absorption rate. They measured the absorption rate 
by amperometric titration. 
Williams and Fegol (1969) made a routine colorimetric test for 
determination of damaged starch in flour. The test was based on the 
color developed on addition of iodine to an extract made by treating 
flour with a strong solution of sodium sulphate containing 15 percent 
formamide and 0.2 percent sulfosalicylic acid. The results were recorded 
simply as absorbance (at 555 nm), and compared well with damaged starch 
estimation made on a series of flours by conventional enzymatic proce­
dures. 
Hinchman (1973) developed a permanent iodine stain-mountant combi­
nation for starch in plant tissues. His rapid technique consists of 
an aqueous Iodine potassium iodide stain combined with a sugar syrup 
mounting medium to give permanent iodine-stained microscope preparations 
for starch. He reported that slides stained for starch according to 
this method remain brilliantly stained after seven years of frequent use. 
Kjeldahl's method is the most accurate method for determination of 
Nitrogen (protein) content in a variety of organic materials. Keys 
(1940) developed a rapid micro-Kjeldahl method which was reported to be 
more rapid than the ordinary macro-Kjeldahl procedure and was not appre­
ciably less accurate. 
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Fraenkel-Conrat and Cooper (1944) developed a microanalytical 
method for the estimation of the number of acid and basic groups of pro­
tein. These were based on the tendency of the polar groups to bind dyes 
of the opposite charge, resulting in a precipitation of the protein-dye. 
Orange G (pH 2.2 buffer) for the determination of basic groups of pro­
teins (guanidyl, imidazole, amino) and 0.2 percent Safranine 0 (pH 11.5 
buffer) for the determination of acid group of proteins (carboxyl, 
phenol, thiol). This technique was applicable to both soluble and in­
soluble proteins. 
TJdy (1954) studied dye-binding capacities of wheat flour protein 
fractions. He measured the acid and basic groups of protein molecules 
quantitatively in fractions of wheat protein by the dye-binding tech­
nique suggested by Fraenkel-Conrat and Cooper (1944). He also used 
water-soluble dyes. Orange G, and Safranine 0 for these purposes. 
Udy (1956) developed a technique for the estimation of protein in 
wheat and flour by ion-binding. According to his technique, the wheat 
protein reacts with the disulfonic acid dye, Orange G, at pH 2.2 to 
form an insoluble complex. The amount of dye bound per gram of sample 
was used to provide an accurate estimate of protein content. Actually, 
his protein estimate is based on the concentration of unbound dye, and 
was measured colorimetrically using a light filter of 470 nm. He also 
reported that starch and bran bound significant amounts of dye. His re-
suits showed a very high correlation (R = 0.997) for dye bound (mg/gm 
of flour) and percentage protein (by macro-Kjeldahl technique) for flour. 
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Similar correlation (R = 0.992) was obtained between dye bound (mg/gm 
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of wheat) and percentage protein (by using macro-Kjeldahl technique) 
for wheat. 
Bunyan (1959) studied the relationship between the binding of 
Orange G from solution and crude protein content for a number of common 
protein foods. He studied the protein content of meat meals, whale-
meat meals, fish meals, soya-bean and groundnut meals. He reported that 
in all five types of materials, dye was bound by other constituents in 
addition to protein, and his estimates of crude protein content from 
dye-absorption data were not accurate because of variation between meals 
of the same type. 
Outen et al. (1966) found that the uptake of the dye-stuff Orange G 
by herbage samples was linearly proportional to their nitrogen content. 
They reported that the method was not as precise as a Kjeldahl analysis 
and they found it to be suitable only as a simple and cheap technique 
to determine an approximate crude protein content or perhaps for the 
analysis of true (hot-water insoluble) protein content. 
Hymowitz et al. (1969) developed a MDB (modified dye-binding) 
method for estimating soybean protein. In this approach they used a 
reagent (from Udy Analyzer Co., Boulder, Colorado) for the ground soybean 
and acid Orange-12 for reference solution. The reference solution was 
placed in the colorimeter and adjusted to 24 percent transmission. 
Afterwards, the sample filtrate was placed in the colorimeter and per­
cent transmission was read. Percent transmission was considered equiva­
lent to MDB protein when the Udy's Colorimeter was used. 
Wolf and Khoo (1970) developed a rapid glass knife sectioning 
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technique for examination of protein in mature cereal grain endosperm. 
For visual examination, they stained the endosperm protein with iodine 
vapor. The other dyes that were suggested by them in place of iodine 
were: Fast green, Eosin, Crystal violet, Buffalo black, and Nile blue. 
Baker and Hunt (1975) made an evaluation of the Pro-Meter, dis­
tributed by Foss America Inc. which measures the protein content of vari­
ous agricultural commodities by a dye-binding method. They reported 
that Pro-meter had an acceptable accuracy for rapidly measuring the pro­
tein content of wheat. They also mentioned that mechanical problems 
made the equipment impractical for use in the marketing channel. 
Attempts have also been made to use more than one dye for simul­
taneous staining of different constituents, such as: starch, protein, 
fat, etc. One such attempt was made by Doyle (1933) for simultaneous 
demonstration of starch and fat in protozoa. He used two stock solu­
tions for this purpose. One containing a 0.3 percent solution of iodine 
in 60 percent alcohol, and the other a saturated solution of Sudan III 
or scarlet R in a mixture containing 60 percent alcohol and 10 percent 
acetone. 
Johansen (1939) developed a procedure for quadruple staining of 
paraffin sections of plant tissues involving the use of Safranine 0, 
Fast green FCF, Methyl violet 2B, and Orange G. Differentiation was 
practically automatic and was controlled by the use of special washing 
solutions (methyl cellosolve, tertiary butyl alcohol, and 95 percent 
ethyl alcohol). They reported good success in obtaining striking color-
contrast effects which permitted the identification of every type of 
85 
cell structure and cytoplasmic inclusions. 
Staining Effect of Some of the Selected Dyes 
The short review of literature on dye selection, revealed that 
there are numerous dyes that can be selected for the proposed colorim-
etric evaluation of grain damage. Table 8.1 shows some of the dyes that 
have been tried for colorimetric evaluation of grain damage. The table 
shows the name of the dyes and the different extracting solutions that 
have been used in an attempt to recover the dye in the extracting agent 
from the damaged grain sample (artificially damaged com). Most of the 
dye did not give satisfactory results either in terms of staining the 
damaged portion of the seed or in terms of recovery of the dye in the 
extracting solution. Among these dyes, the lodine-Potassium-Iodide, 
Fluorescent dye (Rhodamine B), and the Fast green FCF dye will be dis­
cussed in detail in this section. 
Fluorescent dye (Rhodamine ^  
Christenbury (1975) used a fluorescent dye (of ANS group), for 
staining the damaged com kernel. The dye solution contained a material 
such as l-anilinonapthalene-8-sulfonate, that reacted selectively with 
the damaged portion of the com kemel. The technique was based on the 
reaction between the internal protein (that is exposed when the outer 
pericarp of a kemel is penetrated or breached) and the fluorescent dye. 
Instead of ANS dye, Rhodamine B was used as the fluorescent dye in this 
investigation. Rhodamine B belongs to the Exanthene group of dyes. 
The dye was obtained through Fotmulabs, Escondido, California (Kramer, 
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Table 8.1. Dyes and extracting solutions with comments as to their 
effectiveness for dyeing and extracting artificially 
damaged com kernels 
Extracting solutions 
Dye NaOH KOH NH^OH Alcohol Acetone 
Fast green FCF Yes Yes Yes Yes Yes^ 
Fluorescent dye 
(Rhodamine B) Yes Yes Yes Yes 
b 
Iodine potassium iodide No^ - — — — No No 
Methyl orange Yes Yes Yes — - - — 
Methyl red No No No No 
Crystal violet No No No Yes 
Phenol red Yes Yes Yes 
Blue red No Yes Yes Yes 
Methyl green No Neutralized Yes 
^es, means the dye stained the damaged kernels and the extracting 
agent was also able to extract the dye from the damaged kernel. 
^The blank (—) means that more experimentation is needed for mak­
ing comment on these combinations. 
^o, means the dye either did not stain properly or was not ex­
tracted by the extracting solution. 
1977). The chemical formula of the dye is as follows: 





The color index number for Rhodamine B is 45170. The chemical 
formula is ^28^31^2^3*^^ molecular weight is 479.029. This is a basic 
dye. The absorption maximum for spectrophotometric analysis is about 
556.5 nm. This has 0.78 percent solubility in water and 1.47 percent 
solubility in alcohol (at 26°C). This dye was known to have fluorescence 
under ultraviolet light as early as 1938 (Lillie, 1969, p. 233). 
To test the effectiveness of the dye in staining the damaged section 
of a kernel, the kernels were damaged artificially with a single-edge 
razor blade. As shown in Figure 8.1, the kernels from left to right 
are: sound kernel, cut through embryo, cut on the opposite side of em­
bryo, transverse, and longitudinal cross section of the com kernel. 
Figure 8.1. The relative degree of staining (30 seconds soaking time) of 
com kernels with the Rhodamine B dye solutions. Top row: 
1.0 percent solution. Middle row: 0.5 percent solution. 
Bottom rov.*: 0.1 percent solution. 
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Different amounts of the dye (powder from the tables) was dissolved 
in varying amounts of distilled water to prepare 1.0 percent, 0.5 per­
cent, and 0.1 percent Rhodamine B dye solutions. 
The artificially damaged kernels along with sound kernels were 
soaked in the solutions of different percentages for 30 seconds. The 
kernels were then rinsed and washed under running water for another 30 
seconds, in an attempt to remove the extra dye from the pericarp. The 
results of varying degrees of staining and washing are shown in Figure 
8.1. The top line shows those kernels that were soaked in 1.0 percent 
dye solution and the next two lines show 0.5 percent and 0.1 percent 
solutions respectively. 
As shown in Figure 8.1 the dye did not do a good job of staining 
the endosperm (in case of 30-second soaking time) but stained the crown, 
tip, and the chaff near the tip. Udy (1956) also reported similar re­
sults while using Orange G for the estimation of protein in wheat and 
flour. He reported that bran bound significant amount of the dye.• 
Staining of the crown and the chaff near the tip was noticed even at 
lower dye concentrations. At higher dye concentration, the embryo ab­
sorbed more dye than the floury endosperm. One of the reasons for the 
difference in staining is that com embryo consists of 18.8 percent pro­
tein compared to 9.4 percent for the endosperm (Table 5.2). The homy 
endosperm did not stain at all. This case was true for the three concen­
trations. 
When the seeds were soaked in fluorescent dye (such as Rhodamine B, 
Orange G, and Safranine 0) for a longer period of time (between 1 to 5 
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minutes), it was found that the pericarp or bran was stained even with 
0.1 percent of the dye solution. 
Figure 8.2 shows the picture of stained pericarp with Rhodamine B 
solution. As discussed in Chapter 6, the com and wheat pericarp con­
tain protein. In an attempt to investigate whether the dye stained both 
the pericarp and the seed coat, a microscopic picture was taken as 
shown in Figure 8.3. The figure reveals that the dye stained only the 
pericarp and not the seed coat under it. The color contrast is more 
prominent near the crown (or the dent part) of the kernel. 
Figure 8.2. The longitudinal cross section of a com kemel stained 
with 1.0 percent Rhodamine B solution (magnification x 8) 
for 30 seconds 
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Figure 8.3. The longitudinal cross section of a com kernel stained 
with 1.0 percent Rhodamine B solution for 30 seconds. The 
dye stained the pericarp in addition to floury endosperm 
and embryo (magnification x 16) 
One major problem that was encountered in the use of the fluorescent 
dye was that the dye was found to be extremely sensitive to the washing 
operation (i.e., when the dyed seeds are washed under running water in 
order to remove the extra dye from the pericarp) . It was noticed that 
some of the dye was removed from the damaged section of the seed, during 
the washing operation. One of the reasons for this phenomenon could be 
the solubility of some of the protein granules in water. Thus, while 
washing it is possible to lose some of the dye that reacted with the 
soluble protein molecules. This problem was also encountered by 
Christenbury (1975), while using the fluorescent dye of ANS group. 
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Christenbury (1975, p. 53) reported: "The amount of dye remaining in 
the damaged portion of the kernels was extremely sensitive to the wash­
ing operation." He also mentioned, "Too much washing tended to remove 
nearly all the dye from the damaged areas whereas too little washing 
did not remove the dye from the undamaged parts of the com kernels." 
He reported that two washings gave the best results as far as removing 
excess dye without removing all the dye from the damaged portion of the 
com kemels. 
The other problem encountered by the author was the low solubility 
of the dye either in water or in other solvents such as alcohol. As 
mentioned earlier, the Rhodamine B has 0.78 percent solubility in water 
and 1.4 percent solubility in alcohol. Because of low solubility the 
dye particles were always found suspended at the bottom of the jar or 
bottles. This problem was also encountered by Christenbury (1975, p. 53) 
while using his fluorescent dye. He mentioned, "The dye suspension was 
vigorously agitated prior to pouring it over the kemels." 
Thus, the solubility of the protein, the sensitivity of the dye to 
the washing operation, low solubility of the dye, dye staining the crown, 
and chaff near the tip and the pericarp, made the dye unsuitable for 
staining the damaged portion of the grain and consequently unsuitable 
for the proposed damage evaluation. For the perfection of Christenbury's 
(1975) photoelectric system for measuring mechanical damage, a better 
fluorescent dye, which will not be sensitive to the washing operation 
and will not stain the pericarp and undamaged section of the seed, is 
needed. 
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Iodine potassium iodide 
The iodine test is the most familiar test for estimation of starch 
in cereals. In order to study the effectiveness of iodine in the esti­
mation of starch, a weak solution was prepared by dissolving 2.0 gm of 
potassium iodide and 0.2 gm of iodine in 100 ml of distilled water 
(Johansen, 1940, p. 188). 
Artificially damaged com kernel samples were prepared as before. 
One batch of mixed sound and damaged kernels was soaked in the IKI solu­
tion for a short period (30 seconds) and another identical batch for a 
long period (more than 5 minutes). The results of the staining for 
two different periods of time is shown in Figure 8.4. 
When the kernels were stained for a short period of time, only the 
floury endospem section of the kernel was stained. The embryo and the 
homy endosperm was not stained at all. Figures 8.5 and 8.6 give a 
better view of the staining. During the short staining period, the dye 
did not stain the pericarp injury neither on the embryo nor on the 
opposite side of embryo. It also did not stain the pericarp or the seed 
coat. Once the kernels were washed under running tap water, the dye 
solution was removed completely frcsn the undamaged section of the ker­
nels and the pericarp. The chaff near the tip was also not stained. 
When the kernels were soaked in IKI solution for a longer period 
of time, the embryo and even the hard homy endosperm were stained, as 
shown in Figure 8.4. The pericarp injury on the embryo was not stained 
but it stained the pericarp injury on the opposite side of the embryo., 
The dye in both cases made a permanent bond with the starch 
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Figure 8.4. Stained com kernels with IKI solution. Top row: longer 
staining period (more than 5 minutes). Bottom row; short­
er staining period (30 seconds) 
Figure 8.5. The longitudinal cross section of a com kemel stained 
with IKE solution (magnification x 8) for 30 seconds 
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Figura 8.6. The longitudinal cross section of a com kernel stained 
with IKI solution (magnification x 16) for 30 seconds 
granules and the reaction was instantaneous. When an extracting agent 
(NaOH, alcohol, and acetone were tried) was used to dissolve the dye in 
the solvent, the dye absorbed by the starch was not dissolved, thus 
making it inconvenient for use in the proposed damaged evaluation tech­
nique. If any other effective solvent is available, then this dye can 
be also used for the proposed damage evaluation. This technique could 
also be applied for determination of starch content in grains and feed­
stuff. 
Another approach, however, could be used with the IKI solution, 
for the evaluation of grain damage. As discussed in the review of liter­
ature, IKI is used for the determination of starch content in cereal 
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grains. In determining the starch content, the amount of the unbound 
dye in the solution is generally measured instead of the extracted dye 
in the solvent. However, no attempts were made to evaluate the concen­
tration of the unused dye. 
The staining of the damaged kernels by IKE solution can also be 
used for visual inspection of grain damage, instead of the Fast green 
FCF dye. This dye could also be used for coloring the damaged kernels 
for use either with the color sorters or for use with the light re­
flectance method. The IKL also costs less money than Fast green FCF 
dye. 
Fast green FCF 
This has been used by many research workers for staining the dam­
aged corn kernels for visual inspection. It was originally proposed as 
a food dye in 1927. Since then, it has come into general use in plant 
histology and cytology and other branches of the biological sciences. 





Fast green FCF is the disodium salt of P, p'-dibenzyldiethyi di-
amino-P'-hydroxytriphenylcarbinol trisulfonic acid anhydride. The chem­
ical formula of the dye is C^yH^^NgO^gS^Na^ and the molecular weight 
is 808.875. This is an acid dye. The solubility of the dye in water 
is 16.04 percent and in alcohol it is 0.35 percent at 26°C (Lillie, 
1969, p. 172). 
The relative degree of staining of the com kernels with the Fast 
green FCF dye solution is shown in Figure 8.7. The damaged kernels were 
prepared artificially as before. Varying amounts of dye were dissolved 
in varying amounts of distilled water to prepare 1.0 percent, 0.5 per­
cent, and 0.1 percent Fast green FCF dye solution. 
As before, the artificially damaged kernels along with sound ker­
nels were soaked in the solutions of different percentages, for 30 
seconds. The kernels were then rxnsed and washed under running water 
for another 30 seconds, in an attempt to remove the extra dye frcm the 
pericarp. The top line in Figure 8.7 shows these kernels that were 
soaked in 1.0 percent dye solution and the next two lines show 0.5 per­
cent and 0.1 percent solutions respectively. 
As shown in Figure 8.7 the dye did not stain the pericarp, except 
the tip. At 1.0 percent dye solution both the embryo and the floury 
endosperm were stained. The embryo was not fully stained at 0.5 percent 
solution and was not at all stained in the case of 0.1 percent solution. 
The homy endosperm was not stained with the Fast green FCF dye solu­
tion at any concentration. The pericarp injury over the embryo and the 
opposite side of the embryo was stained with all three concentrations 
Figure 8.7. The relative degree of staining of com kernels with the 
Fast green FCF dye solutions for 30 seconds. Top row: 
1.0 percent solution. Middle row: 0.5 percent solution. 
Bottom row: 0.1 percent solution 
of dye. It is also clear from the Figure 8.7 that as the concentration 
of the dye in the solution decreased, the amount of dye absorbed by the 
floury endosperm also decreased. Figure 8.8 and Figure 8.9 show the 
staining of the floury endosperm in detail. As shown in Figure 8.9 the 
pericarp or the seed coat was not stained in this case, unlike the case 
of fluorescent dye. 
While washing the dyed kernels under running water, it was also 
noticed that this dye was not sensitive to washing, unlike the fluores­
cent dye. Once the extra dye from the pericarp was removed, the dye from 
the damaged portion of the seed was not affected from further washing. 
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Figure 8.8. The longitudinal cross section of a com kernel stained 
with 0.5 percent Fast green FCF dye solution (magnifica­
tion X 8) for 30 seconds 
Figure 8.9. The longitudinal cross section of a com kernel stained 
with 0.5 percent Fast green FCF dye solution (magnifica­
tion X 16) for 30 seconds 
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The Fast green FCF dye was found to be effective in staining the 
damaged section of the grain and not staining the pericarp or the un­
damaged section of the grain. Considering those advantages it was de­
cided that the Fast green FCF dye would be used for the proposed color-
imetric method for the evaluation of grain damage. No other attempts, 
however, were made to use a ccmbination (two or more) of dyes for the 
staining purpose in this research endeavor. 
Experimental Procedure 
The colorimetric technique for the evaluation of mechanical damage 
to grains is based on the indirect measurement of the exposed damaged 
area of the seed kernel. The indirect measurement of the exposed damaged 
area is based upon the amount of the area stained by a selective dye, 
which adheres only to the exposed damaged area and not to the sound 
pericarp. The amount of the area stained is evaluated by the amount of 
the dye absorbed by the exposed damaged area. The amount of the dye ab­
sorbed by the exposed damaged area is evaluated by determining the con­
centration of the dye in the extracting solvent. The concentration of 
the dye in the solvent can be determined color imetrically, either by 
using a colorimeter or a spectrophotometer, at a certain wavelength. 
The following steps are involved in the colorimetric evaluation of 
grain damage: 
1. Measuring a predeterminined quantity of grain, making sure the 
sample is a good representative of the lot. 
2. Soaking the grain sample in a selective dye solution for a 
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certain amount of time. The amount of the dye and the concen­
tration of the dye solution should also be predetermined. 
3. Washing the sample under running tap water for a certain period 
of time. 
4. Resoaking the dyed sample in a selective extracting solvent 
(bleaching solution) for a certain period of time. The amount 
of the solvent and the strength should also be predetermined. 
5. Measuring the concentration of the dye in the extracting sol­
vent by using some colorimetric technique. 
6. Determining the amount and severity of damage in the grain 
sample from the prepared calibration curve, for the particular 
grain. 
Preliminary Investigations 
The dye that was used during the following experiments was Fast 
green FCF dye (powder) from MCB Manufacturing Chemist, Norwood, Ohio. 
The concentration and the amount of the dye was varied among experiments. 
The extracting agent that was used during these experiments was sodium 
hydroxide solution. The strength and the amount of the solvent was also 
varied among experiments. 
During the preliminary investigations the com used was a Pioneer 
Hybrid variety (the hybrid number was not known) . The com samples used 
were combine harvested and the moisture content was very low (approxi­
mately 10.0 percent). A 50-gm. sample of the combine harvested com 
sample was divided from a large quantity with a Boemer grain divider. 
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Figure 8.10 shows the com sample, which includes both mechani­
cally-damaged and sound kernels. As shown in the figure, mechanically-
damaged kernels (other than severely broken kernels), are very diffi­
cult to distinguish from the sound kernels by visual inspection with 
naked eye. 
The com sample was soaked in 0.1 percent Fast green FCF dye solu­
tion for 10 minutes and then washed under rtmning cold tap water for 30 
seconds by using a strainer. While washing, the extra dye on the peri­
carp was washed off. The only places at which the dye was left were 
the tip and the damaged areas of the kernel. Figure 8.11 shows the dyed 
sample after the washing operation. 
The sample was then soaked in 300 ml of O.OIN NaOH solution for 
10 minutes. The sample was stirred with a spoon while soaking in the 
extracting solution. Figure 8.12 shows the com sample, sample in the 
0.1 percent Fast green FCF dye solution, the prepared dye solution, the 
dye, strainer, and the sample in the extracting solution. 
Figure 8.13 shows the com sample after resoaking in the O.OIN 
NaOH solution. As shown in the figure, most of the dye has been removed 
from the damaged part of the com kernels. 
The dye and NaOH solution can be prepared to any percentage and 
normality as required. To prepare 0.1 percent Fast green FCF dye solu­
tion, 1.0 gm of Fast green FCF dye (powder) was dissolved into 1000 ml 
of distilled water. To prepare IN NaOH solution, 40 gm (from chemical 
formula) of NaOH (pellets) were dissolved into 1000 ml of distilled 
water. To prepare O.OIN NaOH solution, 10 ml of IN NaOH solution 
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Figure 8.10. Com sample (which includes both damaged and sound ker 
nels} ready for soaking in the dye solution 
Figure 8.11. Dyed sample after the washing operation. The dye is ad­
hering to the damaged part of the kernels and not to the 
pericarp. Some of the tips are also dyed 
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Figure 8.12. Left to right: Top row: The com sample, com sample in 
the dye. 0.1 percent Fast green FCF dye solution. Bottom 
row: The strainer, the dye, and com sample in the ex­
tracting solution 
Figure 8.13. The com sample after extracting the dye with O.OIN NaOH 
solution 
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were added to 990 ml of distilled water. 
The effect of the soaking time in both the dye and the extracting 
agent, and the effect of dye concentration and the strength of the ex­
tracting agent on the colorimetric evaluation of grain damage will be 
discussed in the next chapter. 
A Beclanan DB-G grating spectrophotometer was used for measuring 
the concentration of the dye in the extracting solution. Figure 8.14 
shows the Beckman DB-G grating spectrophotometer and the extracted dye 
solution on the mechanical stirrer. 
It was observed that the higher the level of mechanical damage, the 
greater the amount of dye that was absorbed by the damaged kernel, and 
the greater the concentration of the dye in the extracting solution. 
Figure 8.15 and Figure 8.16 show that the concentration of the dye in 
the extracted dye solution increases as the level of mechanical damage 
increases. 
The concentration of the dye could be read either as percent trans­
mission or absorbance frcsn the Beckman spectrophotometer. The absorb-
ance reading was taken at 610 nm wavelength. The principle of opera­
tion and the precautions involved in using the spectrophotometer will 
be explained in detail in the next section. 
After the dye was extracted from the damaged grain, and the concen­
tration of the extracting dye solution was determined, the com sample 
was washed and dried for visual inspection of mechanical damage. The 
damaged kernels (irrespective of magnitude) were separated from the 
sound kernels and were recorded as percentage total damage. 
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Figure 8.14. The Beclanan DB-G grating spectrophotometer and the 
extracted dye solution on the stirrer 
Figure 8.15. As the level of mechanical damage increases, the concen­
tration of the dye also increases in the extracting solu­
tion. The damage level of the hand-shelled and combine 
harvested samples are (from left to right) 0.0 percent 
(hand-shelled), 30.0 percent, and 65 percent 
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Figure 8.16. Different level of combine harvested damaged com with 
their extracted dye solutions. The concentration of 
the dye increases with an increase of mechanical damage 
(from left to right) 
The result of the absorbency reading of the combine harvested com 
samples at different levels of mechanical damage is shown in Appendix 
D, Table D.l. Figure 8.17 shows the linear relationship between total 
percentage damage and the absorbency reading of the combine harvested 
com samples. As shown in the figure there is a definite correlation 
between absorbance and the total percentage damage. The correlation 
2 
coefficient (R ) was 0.6676. 
Evaluation of mechanical damage by visual inspection is not accu­
rate, nor does it account for the severity of damage. The colorimetric 
technique evaluates grain damage based on both the amount and the sever­
ity of damage. While shelling com by combine, the damage occurs on a 
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Figure 8.17. The effect of mechanical damage (D) on absorbance (A) for corn (Pioneer) 
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continuous scale from hairline cracks and tiny spots of pericarp miss­
ing to complete breakage and smashing. 
It is not possible to obtain grain samples with exact damage level 
from combine harvested com. Thus to obtain the desired incremental 
damage level, artificially damaged kernels were used in the next ex­
periment. A single-edge razor blade was used for splitting the com 
kernels into two. The kemels were split longitudinally through the 
embryo. The main purpose of this experiment was to observe the correla­
tion between known damage level and the absorbency reading of the ex­
tracted dye solutions. 
The artificially damaged samples were prepared by adding the split 
kemels (according to the required percentage damage) with the sound 
hand-shelled kemels to make a 50-gm sample. The samples were then 
completely soaked in 50 ml of 0.1 percent Fast green FCF dye solution 
for 10 minutes. All the samples were then washed off under running water 
for 30 seconds. 
The samples were then resoaked in 200 ml of O.OIN NaOH solution for 
an hour. All the samples were stirred for 1 minute and allowed to 
settle for 15 minutes before the absorbency readings were taken. 
In this experiment also a Beckman DB-G grating spectrophotometer 
was used to read the concentration of the dye in the NaOH solution. The 
cell thickness was 1 cm. The wavelength used was 610 nm. Distilled 
water was used as the reference solution in the reference cell. The 
spectrophotometer was calibrated for zero absorbency with distilled 
water in both the cells. In pouring the sample solution in the cell. 
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caution was taken so that the sides of the cell were clean and no 
bubbles were left inside. Figure 8.18 shows the relation between ab-
sorbance and percentage of artificially damaged com kernels, and the 
resuls are tabulated in Table D.2. in Appendix D. Figure 8.18 shows a 
2 high correlation (R = 0.98) between absorbance and percentage artificial 
damage. 
As shown in Figure 8.18, the line did not pass through the origin 
(0,0) indicating that even at zero damage level the kernels did absorb 
some dye. So, the intercept indicates the amount of dye being absorbed 
by the sample (kernel tips) consisting of only sound com kernels. The 
tips of sound kernels pick up dye and is one of the reasons for an ab­
sorbance reading at zero damage. 
Figure 8.19 shows the effect of artificial damage on the color-
imetric evaluation of sorghum damage. The variety of sorghum used was 
Tey 101. The moisture content of the sorghum was 10.0 percent (wet 
basis). The artificially damaged samples were prepared by adding the 
split sorghum kernels (as shown in Table D.3, Appendix D) with the sound 
hand-shelled kernels to make a 50.0-gm sample. The samples were then 
soaked in 50 ml of 0.1 percent Fast green FCF dye solutions for 5 minutes. 
After washing for 30 seconds, the samples were soaked in 100 ml of 50 
percent alcohol solution for 5 more minutes. Because of tannin extrac­
tion from the seed coat by NaOH solution, alcohol was used. 
The concentration of the dye in the alcohol solution was then meas­
ured by using a Klett-Summerson colorimeter. A filter (No. 54) of wave­
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Effect of artificial damage (D) on colorimeter reading (CR)) for sorghum 
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results are shown, in Table D.3, Appendix D. 
Figure 8.20 shows the effect of combine harvested damage on the 
colorimetric evaluation of wheat damage. It was studied by Rabe (1977). 
The wheat variety used was Duxman from South Dakota. The moisture con­
tent was 12.0 percent (wet basis). Absorbance readings were taken on 
two replications and the visual damage evaluation was made by four 
checkers. The details of (regarding equipment) the experimental proce­
dure were not available, but he followed the same procedure as outlined 
by Chowdhury and Buchele (1976b). Figure 8.20 shows a high correlation 
2 (R = 0.9802) between absorbency reading and percentage damage. The 
results are tabulated in Table D.4, Appendix D. 
Equipment for Measuring the Concentration 
of the Extracted Dye Solution 
Principle of operation 
A Beckman DB-G grating spectrophotometer (Figure 8.14) was used to 
measure the concentration (absorbance) of the extracted dye in the 
sodium hydroxide solution. The spectrophotometer consists of a light 
source, a spectrometer by which a narrow region of the light spectrum 
can be selected for the measurement, a cell containing the colored or 
light-absorbing solution, a photoelectric cell and the amplifying device. 
Figure 8.21 shows the schematic diagram and the principle of operation 
of a spectrophotometer. As shown in the figure, light frm a suitable 
light source is broken down into its component colors by a prism or 
grating. The ordinary incandescent lamp (tungsten lamp) can be used as 
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Figure 8.21, Schematic diagram and the principle of operation of a spectrophotometer 
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light source for the visible range of the color spectrum. For other 
ranges of color spectrum such as ultraviolet region, a hydrogen or 
deuterium lamp is used. The prism or grate, in conjunction with slits, 
baffles, and mirrors or lenses, form a monochromator. The monochromator 
passes a selected narrow band of colors, and rejects all other colors. 
This pure colored light then passes through the sample. The sample 
absorbs a portion of the light and the rest is transmitted through the 
sample to a light measuring device. This is conventionally a photocell, 
which, in turn, is measured with a sensitive electrical meter. Figure 
8.22 shows the optical diagram of the Beckman model DB-G grating 
spectrophotometer (Beckman Instruments Inc., 1967). 
Selection of optimum wavelength 
The light selected for a particular assay is chosen so that the 
material of interest (the extracted dye solution in this experiment) will 
absorb light at this wavelength, and so that the absorption will be as 
little affected as possible by interfering substances or variations in 
the procedure (Turner Associates, 1972). 
In order to select the optimum wavelength for this experiment. 
Fast green FCF dye solution of 5.0 ppm dye concentration was prepared. 
Distilled water was used to prepare the dye solution. Figure 8.23 shows 
the absorption spectra of the dye solution. The data is tabulated in 
Appendix E, Table E.l. As shown in the figure, the maximum absorption 
was attained at 625 nm. This result was in agreement with that of Lillie 










Hydrogen or deuterium lamp 
Source selector mirror 
Filter 4. Entrance mirror 
Slits 6. Collimating mirror 
Grating 8, Condensing lens 
Sample beam 
Reference beam 
Detector focus mirror 
Photomultiplier detector. 
Figure 8.22. Optical diagram of Beckman Model DB-G grating spectrophotometer 
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Figure 8.23. Absorption spectra of Fast green FCF dye solution (5.0 ppm) at different wavelengths 
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of Fast green FCF dye adhering to the damaged section of the kernel is 
extracted by using the sodium hydroxide solution. When this green dye 
reacts with the NaOH solution it turns blue. In order to determine the 
optimum wavelength for the extracted dye in the NaOH solution, another 
dye solution of 2.0 ppm was prepared. The dye solution was prepared by 
using 0.05 NaOH solution. Figure 8.24 shows the absorption spectra of 
the Fast green FCF dye in NaOH solution at different wavelengths. The 
data is tabulated in Appendix E, Table E.2. As shown in Figure 8.24, the 
maximum sbsorption occurs at around 610 nm. This wavelength was chosen 
for calibration and setting the spectrophotometer during the experi­
ments . 
Use of the spectrophotometer 
After the wavelength (610 nm) was set, the machine was adjusted 
for 0 and 100 percent transmission. A shutter was inserted into the 
light beam and the meter adjusted to reach zero transmission. This was 
equivalent to a totally absorbing sample (one with an infinite concentra­
tion) . The shutter was then removed, and a blank solution (distilled 
water) was placed in both the cells. The meter was adjusted to read 
100 percent transmission. The extracted dye solution was then placed 
in the sample cell and the meter reading was recorded for absorbency or 
percent transmission reading. By use of Beer's law or a calibration 
curve, the meter reading can be related to the concentration of the un­
known extracted dye solution. 
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Quantitative spectrophotometry is based upon the fact that the 
absorbance of a substance is dependent upon its concentration. If 
the absorbance is directly proportional to the concentration, the sys­
tem is said to obey Beer's law. The absorbance of a sample is also di­
rectly porportional to the length of the light path within the sample, 
as stated by Lambert's law (Diehl, 1970). In practical spectro-
photometric work, the cell length is constant, and therefore, it can­
cels out in Beer's law calculation. Mathematically the Beer's law can 
be presented as: 
A = log ^  = abC 
Where, 
Po = the amount of light falling on the sample. 
P = the amount of light transmitted by the sample. 
a = the absorptivity of the solution. This is a constant 
dependent on the wavelength of the incident light and 
the nature of the absorbing material. 
A = absorbance. 
b = length of the light path through the solution, in cm. 
C = concentration of the absorbing material. 
The term log ^  is called the absorbance (A). In some earlier 
literature it was referred to as optical density. The absorbance for a 
given compound at a fixed wavelength and cell thickness is linear with 
concentration. The cell thickness or the length of the light path 




If a solution follows Beer's law, then the calibration curve, which 
is absorbance (A) versus concentration (C), will be a straight line 
passing through the origin. 
The results of the spectrophotometric measurements made on solu­
tions are obtained as a ratio of two intensities, that is, the intensity 
of the light transmitted through a solution as a fraction of the light 
transmitted through the pure solvent. The photocells and the accompany­
ing electrical measurement devices respond linearly to the intensity of 
light, so that the meters read directly in transmittance (T). The trans-
mittance and absorbance are related by the following equation: 
A = log Where, A = absorbance 
T = transmittance 
In order to obtain the calibration curve for the Fast green FCF dye, 
different dye solutions with varying concentrations (ppm) were prepared 
in O.OIN NaOH solutions. The spectrophotometer was adjusted for 1 and 
100 percent transmission and distilled water was used as the reference 
solution in the reference cell. The absorbance reading of the different 
dye solutions with varying concentrations were then taken by using the 
Beckman DB-G, at 610 nm and the results are shown in Table E.3, Appen­
dix E. Figure 8.25 shows the calibration curve for the Fast green FCF 
dye in O.OIN NaOH solution. As shown in the figure, it is a straight 
line, but the line does not pass through the origin. This could be an 
instirumental error, which occurred while zeroing the machine. Figure 
8.26 shows the calibration curve for the same Fast green FCF dye in 0.05N 
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Figure 8.25. Calibration curve for the Fast green FCF dye in O.OIN 
NaOH solution by Beckman DB-G grating spectrophotometer 
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Figure 8.26. Calibration curve for the Fast green FCF dye in 0.05N NaOH solution by 
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NaOH solution. A Klett Sxnmnerson colorimeter (with filter No. 54) was 
used to take the colorimeter reading. As shown in the figure, it is a 
straight line and the line also passes through the origin, indicating 
that the Fast green FCF dye in NaOH solution does follow the Beer's 
law. On the basis of these calibration curves, the concentration of 
the extracted Fast green FCF dye in NaOH solution can be measured by 
using either a spectrophotometer or a colorimeter. 
A few precautions that were observed during the operation of the 
equipment were as follows: 
1. The spectrophotometer was allowed to warm up for 30 minutes 
before taking a reading. 
2. Care was taken to clean and dry the outside surfaces of the 
cells. 
3. Because of the logarithmic nature of the laws governing the 
absorption of light, the error in concentration resulting from 
this error in the photometer reading is greatly magnified at 
each end of the scale at high and low transmittance. Attempts 
were made to keep the instrument reading between 20 and 70 per­
cent transmission working range for the spectrophotometric 
measurements. 
4. The machine was adjusted for 0 and 100 percent transmission, 
before reading each set of samples. 
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CHAPTER IX. EFFECT OF DIFFERENT PARAMETERS ON THE COLORIMETRIC 
EVALUATION OF CORN DAMAGE 
While shelling com by conventional combine, mechanical damage 
occurs to com kernels on a continuous scale, from hairline cracks and 
small sections of pericarp missing to being completely smashed. Thus, 
it was very difficult to use the combine shelled com samples for eval­
uating the effect of different parameters on the colorimetric evalua­
tion of com damage. Com samples of constant damage level were used to 
evaluate the effect of different parameters. Artificially damaged com 
kernels were used to produce constant damage level samples. 
The mechanical damage occurs on any part of the kemel; for example, 
on the tip, pericarp, embryo, endosperm, homy endosperm, crown, or a 
combination. Artificially damaged com kernels were prepared by cutting 
the kernel longitudinally through the middle of the embryo, so that all 
such parts of the seed were exposed to the dye. A single-edge razor 
blade was used for cutting the seeds. 
The variety of com that was used in these experiments was Pioneer 
3780. The moisture content of the kemels was between 17 and 18 percent 
(wet basis). Fast green FCF dye and sodium hydroxide solution were 
used as the dye and the extracting solution, respectively, for the eval­
uation of these parameters. 
In these experiments, a Beckman DB-G grating spectrophotometer was 
used to read the concentration of the dye in the NaOH solution. The 
cell thickness was 1 cm, and the wavelength used was 610 nm. Distilled 
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water was used as the reference solution in the reference cell. The 
spectrophotometer was calibrated for zero absorbency with distilled water 
in both of the cells. 
Effect of the dye concentration 
The objective was to observe how the absorbency affects samples of 
the same damage level when soaked in the Fast green FCF dye solution of 
different concentrations (i.e., differe^^ percentages of the Fast green 
FCF dye) for the same amount of time. 
Five 10-g samples of split kernels were soaked in different percent­
ages of the Fast green FCF dye solution for 10 min. After 10 min soak­
ing, the extra dye was washed off the pericarp, the samples were resoaked 
in 200 ml of O.OIN NaOH solution for 30 min. The dye concentration of 
the recovered dye solution was then measured by using the Beckman DB-G 
spectrophotometer. The results are tabulated in Table F.l of Appendix 
F. Figure 9.1 shows the relation of dye concentration to absorbance. 
This relationship can be expressed by the following equation: 
A = 0.78 (C)°'53 
where, A = absorbance at 610 nm. 
C = dye (Fast green FCF) concentration in percent. 
The same kind of relation of dye concentration to colorimeter read­
ing was found to be true for sorghum. The results of this study are 
shown in Appendix G. 
It was also observed that the concentration of the dye decreased 
with repeated use of the same dye solution. In order to study the effect 
of reused dye, ten 25-gm samples of split kernels (Pioneer 3388) were 
A = 0.78 (G) 
0 . 0 8  (R = 1.0) 
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Figure 9.1. The effect of Fast green FCF dye concentration (C) on absorbance (A) 
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prepared. The first sample was soaked in 100 ml of 0.5 percent Fast 
greem FCF dye solution. After 30 seconds of soaking in the dye the 
samples were drained and the drained dye solution was preserved for sub­
sequent use. The sample was then washed and bleached in 0.05N NaOH 
(250 ml) for one minute and the absorbance reading was taken of the 
extracted dye solution. The same procedure was followed with the rest 
of the nine 25-gm samples. The reused drained dye was used repeatedly 
for all the samples. It was ensured that there was enough dye left 
from previous use to soak the 25-gm sample completely. Figure 9.2 shows 
the effect of the reused Fast green FCF dye on absorbance reading. As 
shown in the figure, the larger the number of times the same dye was 
repeatedly used, the less and less amount of the dyestuff which was 
left in the dye solution, thus lowering the concentration of the dye in 
the dye solution. As the concentration of the dye solution decreased, 
the amount of dye absorbed by the damaged sample also decreased and ulti­
mately resulted in a lower absorbance reading. The same phenomenon was 
found to be true for two different kernel sizes of the same variety of 
com. As shown in the figure, the smaller-sized kernels absorbed more 
dye than the medium-sized kernel. The effect of kernel size on color-
imetric evaluation of grain damage will be discussed in the next 
chapter. 
The same procedure was repeated with eight 25-gm samples of two dif­
ferent sizes (medium and large) of kernels of the same variety of com. 
The only exception was fresh dye (50 ml of 0.5 percent concentration) 
was used each time with each sample instead of reused dye. Each sample 
0.9 _ 
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Figure 9.2. Effect of the reused Fast green FCF dye on absorbance 
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was soaked in fresh, dye and the same procedure was followed. Figure 9.3 
shows the effect of fresh Fast green FCF dye on the absorbance reading. 
No significant trend can be established for correlation of replications 
and absorbance, as in Figure 9.3. The results are tabulated in Table 
F.2 of Appendix F. 
Effect of the soaking time in the Fast green FCF dye solution 
For this study, eight 10-gm samples of split kernels were used. 
Each one was soaked for different intervals, starting from one minute to 
one hour in 0.1 percent Fast green FCF dye solution. After the extra 
dye was rinsed off of the pericarp, the samples were resoaked in 150 ml 
of O.OIN NaOH solution for one hour. The dye concentration of the re­
covery solution was then measured by using the spectrophotometer and 
the results are tabulated in Table F.3 of Appendix F. Figure 9.4 shows 
the relation of the absorbency to soaking time in the Fast green FCF 
solution (0.1 percent). The relation of the absorbance to the soaking 
time can be mathematically expressed by the following equation: 
A = 0.2 (T^)°'3G 
Where, A = absorbance at 610 nm. 
T^ = soaking time in the Fast green FCF dye in minutes. 
Effect of the normality of the recovery solution 
The objective was to observe the effect of the different normality 
of sodium hydroxide solution in extracting the dye from the damaged part 
of the kernel. Seven samples consisting of 10 gm of split kernels were 
soaked in 0.1 percent Fast green FCF dye solution for 10 min. After the 
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Figure 9.4. The effect of soaking time (T^) in the Fast green FCF dye solution 
(0.1 percent) on absorbance (A) 
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extra dye was rinsed off the pericarp, the samples were resoaked for 30 
min in 200 ml of NaOH solution of different normality. The dye concen­
tration of the recovery solution was then measured by using the spectro­
photometer and the results are tabulated in Table F.4 of Appendix F. 
Figure 9.5 shows the relation of absorbency to normality of the 
NaOH solution. The absorbency of the recovered solution increased as the 
normality was increased to a maximum of O.IN, after that the absorbency 
of the recovered solution decreased. It was found that the 0.05N NaOH 
solution was adequate for reasonable recovery rate of the dye frcm the 
damaged dyed kernels. 
Effect of the recovery time in NaOH solution 
One 7-gm sample of longitudinally-split kernels was soaked in 0.1 
percent Fast green FCF dye for 14 min and rinsed under running water to 
remove the extra dye from the surface of the pericarp. The samples were 
resoaked in 200 ml of O.OIN NaOH solution. The dye concentration of 
the recovery solution was then measured by using the spectrophotometer 
at regular intervals. The results are tabulated in Table F.5 of Appen­
dix F. 
Figure 9.6 shows the relation of absorbency to the recovery (bleach­
ing) time. The longer the dyed damaged kernels are soaked in the NaOH 
(recovery) solution, the greater the amount of dye which is recovered, 
as shown by the increase in the absorbency reading of the recovered dye 
solution in Figure 9.6. The relation of the absorbance to the recovery 
time can be expressed by the following equation with a correlation co­
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Figure 9.6. The effect of recovery time (T2) on absorbance (A) 
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A = 0.32 H- (0.08) LnT^ 
Where, A = absorbance at 610 nm. 
T = recovery time of the dye in the NaOH solution in 
hours 
Effect of the volume of recovery solution 
Seven 10-gm samples of split kernels were soaked for 10 min with 
0.1 percent Fast green FCF dye solutions. After the extra dye was rinsed 
off of the pericarp, the samples were resoaked in different volumes of 
O.OIN NaOH (recovery) solution for different time intervals. After the 
prescribed time interval, the dye concentration of the recovered dye 
solution was measured at different time intervals by using the spectro­
photometer. The results are tabulated in Table F.5 in Appendix F. 
Figure 9.7 shows the relation of different volumes of NaOH solution 
to absorbency at different time intervals. As expected, the greater the 
volume of the recovery solution (NaOH solution) used, the less the ab­
sorbency reading. Also, the longer the recovery (bleaching) time, the 
greater the amount of dye which is recovered and the higher the absorb­
ance reading. Figure 9.8 shows the relation of volume of recovery solu­
tion to absorbency for 15 min of recovery time for the above-mentioned 
sample. The relation of the absorbance to the volume of recovery solu­
tion can be expressed by the following equation: 
A = 100.61 (V)'^*^^ 
Where, A = absorbance at 610 nm. 
V = volume of the NaOH solution (O.OIN) in ml. 
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Figure 9.8, The effect of the volume (V) of the recovery solution (NaOH, O.OIN) on absorbance 
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Effect of ambient temperature 
The objective of this test was to observe how variations in ambient 
temperature affect the colorimeter reading of the Fast green FCF dye 
solution. A 5.0 ppm Fast green FCF dye solution was prepared. The 
temperature of the solution was varied from 27 to 50°C over an electric 
heater. The results of the colorimeter reading (Klett-Summerson) at dif­
ferent temperatures are shown in Table F.7 of Appendix F. Increasing 
temperature had negligible effect on colorimeter readings as shown in 
the table. 
Effect of pH level of the dye solution 
The objective was to observe the effect of pH level of the dye solu­
tion on absorbance of the dye by the damaged com kernels. The pH of the 
dye solution was changed either by adding citric acid or by adding the 
Each Chemical pB buffer powder pillows to the dye solution. A 15-gm 
sample of split kernels (DeKalb XL-43) was soaked in 30 ml of 0.1 percent 
Fast green FCF dye solution of different pE levels. The split kernels 
were soaked for one minute, then rinsed under running water for thirty 
seconds and then resoaked in 200 ml of 0.05N NaOB solution. The concen­
tration of the dye in the recovery solution was then measured by a Each 
Chemical DR/2 spectrophotometer at 625 nm wavelength. The results of 
the absorbance or percent transmission reading are shown in Table F.8 of 
Appendix F. Figure 9.9 shows the effect of pH on absorbance. The maxi­
mum absorbance can be obtained at around 1.5 pE. 
As the pE of the dye solution decreased, the absorbance reading in­
















n 1 2 4 3 5 6 7 8 
pH 
Figure 9.9. Effect of pH on absorbance 
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the dye was also absorbed by the embryo, which was not achieved by 
other processes. These results were contrary to those of Christenbury 
(1975). Christenbury studied the effect of pH on induced 'fluorescence 
by the com samples. He prepared ANS solutions with a pH of 1, 3, 5, 7, 
9, and 11 by adding either O.lN NaOH or O.IN HCL, for measuring the 
induced fluorescence by the com samples. He reported that there was 
no influence of pH, as all samples exhibited similar intensities of in­
duced fluorescence. 
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CHAPTER X. EFFECT OF KERNEL SIZE, KERNEL M0ISTT3RE CONTENT AND CORN 
VARIETY ON THE COLORIMETRIC EVALUATION OF GRAIN DAMAGE 
One of the major problems associated with the development of a 
grain damage meter is the variation of kernel shape, size and composi­
tion among the different grains, as well as the variation among kernels 
of the same grain, as discussed in Chapter VII. Another problem is the 
variation in moisture content of the harvested grain. The moisture 
content of the grain is affected by both harvesting time and artificial 
drying. For example, the moisture content of harvested com, in general, 
varies from 30.0 to 18.0 percent, and after drying, it varies frcm 12 
to 15 percent. 
Waelti (1968) studied the general relationship of plant properties 
and kernel damage. Two of the major plant properties that he studied 
were the com variety and kernel moisture content. He reported that 
kernel damage increases with an increase in kernel moisture content. 
He also reported that, although all the varieties had the same trend re­
garding kernel damage, some of the varieties were more susceptible to 
damage than others. 
Thus, it was expected that the com variety, kernel size, and ker­
nel moisture content would influence the colorimetric evaluation of grain 
damage. In order to study the effect of kernel size, kernel moisture 
content and com varieties on the colorimetric evaluation of grain dam­
age, the following experiments were conducted. 
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Effect of Com Variety and Kernel Moisture Content 
Four varieties of com were used in the study of the effect of 
com variety and kernel moisture content on colorimetric evaluation of 
grain damage. The varieties were 13C0, 13C2, Black B73XM017, and Pio­
neer 3388. All four varieties were grown in the Agronomy-Agricultural 
Engineering Research Center of Iowa State University, in the year 1976. 
The ear of corns were handpicked and hand shelled. The kemels from 
the midsection of the ear were used in order to obtain kernels of tmi-
form size. The odd-shaped kemels from both ends and any found in the 
midsection of the ear were discarded. The ears were picked during the 
later part of the harvesting season, and they were low in moisture con­
tent. In order to obtain com samples of higher moisture content, the 
kemels were rewetted with the appropriate amount of water to raise the 
moisture content to the desired level. Table H.l of Appendix H shows 
both the initial and final moisture content of the com samples. In 
some cases, the kemels were not rewetted at all, as the moisture con­
tent was correct. The original intention of this experiment was to use 
hand harvested natural com (without rewetting) of different moisture 
contents. Because of an experimental error, most of this data and ex­
perimental results were discarded and rewetted com was used in order 
to obtain com of various levels of moisture content. 
As stated earlier, another variable in this study was kernel size. 
The kernel size varies not only among varieties, but also within the 
same variety. In order to evaluate the effect of kemel size, along 
with com variety, and kernel moisture content, the kemels frcan these 
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four varieties of com were classified into two categories: medium 
and large. Each lot of the com kernels was designated as one of these 
two sizes. 
After the rewetted com samples had reached the desired moisture 
level, a 25-gm artificially-damaged com sample was prepared by split­
ting the com kernel in two by cutting through the middle of the embryo 
with a single-edge razor blade. 
The 25-gm sample of split kernels was then soaked in 50 ml of 0.5 
percent Fast green FCF dye (fresh) solution for 30 seconds. After rins­
ing the dye and washing the sample under tap water for 30 seconds, the 
sample was soaked in 250 ml of 0.05N NaOH solution for 1 minute in order 
to extract the dye. Then the absorbance reading of the extracted dye 
solution was measured with a Beckman DB-G grating spectrophotometer at 
610 nm wavelength. The results of the absorbance reading for all the 
samples (which includes four different varieties and two different ker­
nel sizes) are shown in Table H.l in Appendix H. 
An analysis of variance was made to determine the effect of differ­
ent variables. Due to a lack of uniformity of sample size (unbalanced 
data) with regard to variety and kernel size, the variety and kernel 
size were grouped together and were treated individually. Table 10.1 
explains the combination for the different treatments. The anlysis of 
variance for absorbance is shown in Table 10.2. The effect of treat­
ment, which is a combination of com variety and kernel size was found 
to be significant at the 1.0 percent level. 
The means of absorbance readings adjusted for final moisture content 
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Table 10.1. Combination of com variety and kernel size for the 
different treatments 
Treatment Kernel Com ^ 
number size^ variety 
1 L 1 
2 M 1 
3 M 2 
4 L 3 
5 14
6 M 4 
kernel size: L = large; M = medium. 
^Com variety: 1 = 13C0; 2 = 13C2; 3 = Black B73XM017; 4 = 
Pioneer 3388. 
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for the different treatments are shown in Table 10.3. Treatments 1, 3, 
4, and 5 are composed of four different varieties with the same kernel 
size (large). The variation in absorbance readings for the four dif­
ferent varieties was frcsn 0.23 to 0.27. The absorbance reading for both 
varieties 2 and 3 was 0.23. The absorbance readings for varieties 1 and 
4 were 0.24 and 0.27 respectively. It was also observed from Table 10.3 
that the large-size kernels of variety 4 (used in treatment 5) had a 
higher absorbance reading (0.27) than did the medium-size kernels of 
the same variety (used in treatment 6) which had a reading of 0.26. 
Table 10.3. Means of absorbance adjusted for final moisture content 
for different treatments 
Treatment No. of observations Absorbance 
1 6 0.24 
2 6 0.27 
3 8 0.23 
4 10 0.23 
5 33 0.27 
6 60 0.26 
It could be expected that the large-size kernel had greater cross-sec­
tional area (both in terms of floury endosperm and embryo) than did the 
medium-size kernel. Thus, the larger-size kernels absorbed more dye, 
and therefore had higher absorbance readings. However, this explanation 
was not found to be true for large- and medium-size kernels of variety 1. 
The large-size kernels (used in treatment 1) had a lower absorbance read­
ing (0.24) than did the medium-size kernels (0.27). Due to the limited 
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number of observations which were made upon treatments 1 and 2, no valid 
conclusion can be drawn from them. The effect of kernel size on colori-
metric evaluation of grain damage will be discussed in detail in the 
next section. 
The effect of either initial or final moisture content of the ker­
nels was not found to be significant at either 1.0 or 5.0 percent level, 
as shown in Table 10.2. Figure 10.1 shows the relationship of final 
kernel moisture content to the absorbance reading for all four different 
varieties and the two kernel sizes. 
If, according to the analysis of variance, the moisture content 
does not affect the final meter reading (absorbance), then the colorim-
etric technique for evaluation of grain damage can be very effective 
for measuring mechanical damage where no compensation or adjustment needs 
to be made for the variation of moisture content. It was expected that, 
as the kernels were soaked in the dye solution, the damaged surfaces 
of both high and low moisture content kernels were wetted instantly and 
thus the effects of the moisture content of the kernel in absorbing the 
dye solution were expected to be negligible. 
A similar experiment was conducted to study the effect of com 
variety on colorimetric evaluation of grain damage when the author was 
in Brazil (Chowdhury, 1977b). Two Brazilian varieties of com, Cargill 
and Piranâo, were used in this experiment. The com kernels of the 
Cargill variety were hard and flint types compared to Piranao, which was 
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Both varieties of the com were planted in three different blocks, 
at approximately the same time- During the harvesting season, the com 
ears (at 24 percent moisture content) were handpicked and the kernels 
from the midsection of the ear were hand shelled and dried at room tem­
perature to 15 percent. Then com samples of different damage levels 
were prepared by adding split com kernels to sound com kernels in the 
required amount as shown in Table H. 2 and Table H.3 of Appendix H. 
The split com kernels were added to sound com kemels to prepare 
a 100-gm sample. The sample was then soaked in 100 ml of 0.1 percent 
Fast green FCF dye solution for 5 minutes. The dye was then rinsed off 
and the sample was washed under running tap water for 30 seconds. The 
sample was then soaked in 200 ml of 0.05N NaOH solution for another 5 
minutes. The concentration of the dye in the extracted dye solution 
was then measured with a Klett-Summerson colorimeter (with No. 54 fil­
ter) . The results are tabulated in Table H.2 and in Table H.3 of 
Appendix E. 
Figures 10.2 and 10.3 show the effect of artificial damage on 
the colorimeter reading for the two varieties of com. An analysis 
of variance for the colorimeter reading for the two varieties of com 
was made in order to study the effect of variety and block on the 
colorimeter reading. Table 10.4 shows the effect of variety, block, 
and percentage damage on colorimeter reading. As shown in the table, 
variety and percentage damage are significant at the 1.0 percent 
level. As expected, block was not significant even at the 5.0 per­
cent level. 
150 







square F-value Prob.> F 
Model 4 99117.5916 24779.3979 868.94 
Variety 1 708.0128 708.0128 24.81 0.0001 
Block 2 46.4872 23.2436 0.81 0.4469 
Percentage 
damage 1 98363.0916 98363.0916 3446.54 0.0001 
Error 73 2083.3956 28.5397 
Corrected 
total 77 101200.9872 1314.2985 
Although the effect of the com variety was found to be significant 
at the 1.0 percent level; but when Figure 10.2 and Figure 10.3 were 
superimposed, as in Figure 10.4, the effect of variety, for all practical 
purpose, was found to be negligible, as both lines closely follow each 
other. 
Effect of Kernel Size 
It was not clear from the previous experiment, which one of the 
two variables (kernel size or variety) was more significant. In some 
cases the kernel size and the variety are related to each other, thus 
it is very difficult to evaluate each one of them separately. An 
attempt was made to evaluate the effect of kernel size by selecting dif­
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Figure 10.2. Effect of artificial damage (D) on colorimeter reading (C.R.) 
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C.R. = 7.3755 + 1.8982(D) 
(R^ = 0.97) 
[Data of both varieties are included in this equation] 
iV 30 40 




Figure 10.4. Effect of artificial damage (D) on colorimeter reading (C.R.) for both Cargill 
and Piranao 
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kernel sizes were: small, medium, and large. The large- and medium-
size kernels were of Pioneer 3388 variety. The medium- and large-size 
kernels were rewetted to 25.0 and 26.5 percent moisture content (wet 
basis) respectively. The small-size kernels were of Pioneer variety 
but the number was unknown. The small-size kernels were rewetted to 
23.5 percent moisture content (wet basis). 
As in the previous experiment, the split kernels were added to the 
sound kernels to prepare com samples of different levels of artificial 
damage. The samples were soaked in 100 ml of 0.5 percent Fast green PCF 
dye solution for 30 seconds. The dye solution was rinsed and the sample 
was rinsed under running tap water for 30 seconds. The sample was then 
soaked in 250 ml of 0.05N NaOH solution for another minute. The concen­
tration of the extracted dye solution was then measured with the Beckman 
Spectrophotometer at 610 nm. The results are shown in Tables H.4, H.5, 
and H.6 for large-, medium-, and small-size kernels respectively. 
Table 10.5 shows the analysis of variance for absorbance of the 
three different sizes of kernels and of percentage damage. As shown in 
the table, the effect of both kernel size and percentage damage were 
significant at the 1.0 percent level. 
Figure 10.5 shows the relation of absorbance reading to the level 
of artificial damage for the three different sizes of kernels. As shown 
in the figure, the absorbance reading for the large-size kernels was 
higher than that of the medium-size kernels for all levels of artificial 
damage. As was the case for treatments 5 and 6 of Table 10.3, the large-
size kernels had larger cross-sectional area than that of the medium-size 
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square F-value Prob. F 
Model 3 3.84350935 1.281168783 187-99 
Kernel size 2 0.61816335 0.309081675 45.35 0.0001 
Percentage 
damage 1 3.22534599 3.22534599 473.28 0.0001 
Error 68 0.46340843 0.00681483 
Corrected 
total 71 4.30691778 
kernels. So, the large-size kernels absorbed more dye,'and therefore, 
had higher absorbance readings. 
The small-size kernels were significantly different from the large-
and medium-size kernels with respect to kernel shape, size and volume. 
The small-size kernels were round in shape and were much smaller than 
either the large- or medium-size kernels. Thus, a 100-gm sample of 
small-size kernels will contain a higher number of kernels than the 100-
gm sample of large- or medium-size kernels. So, when a 100-gm sample 
was prepared (for example with 30 percent artificial damage) the number 
of split kernels was higher for smaller-size kernels than it was for 
large- or medium-size kernels. As more split kernels were present, more 
dye was absorbed and consequently, the absorbance reading was much higher 
than that for medium- or large-size kernels. It was also shown in 
Figure 10.5 that the absorbance reading for sound kernels (0.0 percent 
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artificial damage) was about the same for all three different kernel 
sizes. 
Thus, from this limited study, the difference in variety or in 
kernel size is not expected influence the results of the colorimetric 
evaluation of grain damage, but they will be affected by the level of 
mechanical damage. Further research is needed with more replications, 
larger numbers of varieties, and at a wider range of kernel moisture 
contents for better evaluation and understanding of the effect of kernel 
shape, size, and moisture content and com variety on the colorimetric 
evaluation of grain damage. 
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CHAPTER XI. DEVELOPMENT OF A NUMERICAL DAMAGE INDEX FOR CORN 
The definition of mechanical damage of com ranges between that of 
the contemporary USDA grain grading system and the research workers in 
the field of grain harvesting and grain conditioning. The USDA grain 
grading system uses an official grain standard that classifies any dam­
aged grain that will pass through a 4.76 mm (12/64 in.) round-hole sieve 
as broken com and anything else as foreign material. This classifica­
tion includes only com chips and fines that pass through the sieve but 
does not include the rest of the mechanically damaged kernels that do 
not pass through the sieve. On the other hand, the research workers 
defined mechanical damaged seed as any kernel smashed, broken, chipped/ 
scuffed, or having any minute cracks on the pericarp. 
According to the second definition, the amount of damaged kernels 
in a sample is generally presented as the percentage of the total weight 
consisting of fines, smashed or broken kernels, chipped/scuffed kemels, 
and kernels with hairline cracks. Thus, every damaged kernel separated 
from the sound kemels is given equal weight in the damage analysis, 
and no consideration is given to the severity of the damage to the ker­
nel. Because mechanical damage occurs on a continuous scale from hair­
line cracks to complete smashing, the severity of damage needs to be 
taken into account while evaluating com kernel damage. For a better 
definition of the severity of mechanical damage to com kernels in a 
sample, Chowdhury and Buchele (1976a) developed the following numerical 
damage index based on germination, one of the many biological properties 
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of the grain. 
Damage Index, Based on Seed Germination 
In order to develop the damage index, Chowdhury and Buchele (1976a) 
made a comparative study of the severity of damage based on germination. 
They classified the damaged com kernels into different damage categories. 
These were: broken com and fines that passed through a 4.76 mm (12/64 
in.) round-hole sieve (Figure 6.5), severe damage (Figure 6.7), major 
damage (Figure 11.1), minor damage (Figure 11.2) and undamaged kemels 
(Figure 6.11). In order to develop the damage index, the results of the 
germination test of kemels in each of these damage categories were 
then compared to the results of the germination test for sound kemels. 
Pioneer 3369A was used as the com variety in this experiment. The 
samples from the different categories of damage and sound kernels from 
the study on the mbber roller sheller (Chowdhury, 1973) were mixed to­
gether in order to obtain enough damaged kernels for the different damage 
categories. For this study, 50 kemels were selected at random from 
each of the five categories and were planted in a standard sand bed 
germination test. Results of the standard germination test for 10 rep­
lications of each category are shown in Table 11.1. The percentage of 
seeds not germinated was calculated and divided by 10 to get a multi­
plying factor for the different categories according to the severity of 
damage. For ease of calculation of the damage index, an approximate 
multiplying factor was decided for the different categories, as shown 
in Table 11.2. 
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Figure 11.1. Major damage 
Figure 11.2. Minor damage 
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Table 11.1. Standard germination test (percent germinated) for 
damaged and sound kernels (Chowdhury and Buchele, 1976a) 
Broken 
kernels Severe Major Minor Sound 
Replications and fines damage damage damage kernels 
(»l) (Dg) (D4) (D3) 
1 0 8 50 86 94 
2 0 8 50 78 84 
3 0 6 46 80 100 
4 0 6 40 74 92 
5 0 6 44 66 82 
6 0 4 36 68 86 
7 0 2 10 80 74 
8 0 6 32 78 92 
9 0 2 43 78 90 
10 0 2 30 78 92 
Average percentage of 
germination 0 5.0 38.6 76.6 88.6 
Percentage of seed not 
germinated 100 95.0 61.4 23.4 11.4 
Multiplying factor for 
damage index 10 9.5 6.14 2.34 1.14 
^The variety of com was Pioneer 3369A. 
Table 11.2. Multiplying factor for different damage categories and 
sound kernels 
Multiplying Approximate multiplying 
Categories factor based factor for damage 
on germination index 
(Broken kernels and fines) 10.00 10.0 
(Severe damage) 9.50 10.0 
(Major damage) 6.14 6.0 
(Minor damage) 2.34 2.0 
(Sound kernels) 1.14 1.0 
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The damage index was then calculated by making a visual inspection 
of a 100-gm sample and dividing the sample into five different catego­
ries. The percentage weight of the different categories was then used 
to evaluate the damage index. The damage index was calculated as: 
Damage Index, D.I. = 




= percentage weight of D^ category 
^2 
= percentage weight of D^ category 
"^3 
= percentage weight of Dg category 
44 = percentage weight of D^ category 
<5 = percentage weight of D^ category 
Substituting the values of D^, D^, D^, D^, and D^ from Table 
equation (11.1) the equation reduces to: 
D.I. = 10(d^ + dp + 6dg + 2d^ + d^ 
ï5 .... (11.2) 
and 
D.I. = 10 when the whole lot of the lOG-gm sample consists of 
sound kernels (i.e., d^ =0, d^ = 0, d^ =0, d^ = 0, and 
d^ = 100). 
D.I. = 100 when the whole lot of the 100-gm sample consists of 
broken corn, fines, chipped, and crushed kernels (i.e., 
+ d^ = 100, dg = 0, d^ = 0, and d^ = 0). 
In this instance, only the seed viability was considered for the 
evaluation of damage index. Other biological factors, such as 
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storability, CO^ production, and handling ability of com, have not been 
considered but could be considered as the basis for establishing a dam­
age index. 
Figure 11.3 shows the relationship of the percentage of total dam­
age, damage index (on the basis of germination), and the different cate­
gories of kernel damage at various kernel moisture contents for the 
harvested com samples that were collected by Chowdhury (1973) frcsn the 
experimental rubber roller sheller designed by Brass (1970) for shelling 
com. Although the percentage of total damage does include all the dam­
aged kernels, it does not account for the severity of damage of the in­
dividually damaged kemels. The damage index also does take into account 
all the damaged kemels, and at the same time, the severity of damage 
of the individual kemels. 
Damage Index, Based on Damaged Surface Area 
A study was made to develop another damage index based on the amount 
of damaged surface area of the seed. This index was intended to be used 
with the colorimetric evaluation of mechanical damage. In this approach, 
whenever the pericarp of a com kemel was not intact, and the interior 
of the kernel was exposed to atmospheric conditions, the kemel was con­
sidered to be damaged. The severity of damage is proportional to the 
amount of the interior of the kernel which is exposed due to mechanical 
damage. For example, when a kemel is broken into two pieces, both sides 
of the longitudinal cross-sectional area of the com kernel are exposed, 
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Figure 11.3. The relation between kernel moisture content and total 
mechanical damage, damage index, major, minor, and severe 
damage and fines (Chowdhury and Buchele, 1976a) 
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in the pericarp, only a small amount (very negligible, when the length 
of the crack is multiplied by the width of the crack) of the damaged sur­
face area is exposed. When a com kernel is broken into pieces (fines), 
the amount of exposed damage area is much greater than the exposed 
damaged area of kernels broken into only two pieces. Thus, as the ker­
nel breaks, the severity of the mechanical damage increases. This in 
turn causes severe problems in grain drying, handling, processing and 
storage. Thus, the amount of exposed damaged area of a com kernel was 
considered as another biological factor for the evaluation of this dam­
age index. Another justification for the surface area of damage tissue 
is that oxidation and fungi growth takes place on the exposed area. 
Mechanical damage occurs to com kernels on a continuous scale 
from minute cracks in the pericarp to complete smashing. It is not 
practical to measure the amount of damaged exposed area of the individ­
ual kernel directly. Thus, an indirect approach (based on colorimetric 
evaluation of grain damage) was taken to measure the exposed area on 
the assumption that, the greater the amount of damaged surface area, 
the greater the amount of dye that will be absorbed by those kernels or 
pieces of kemel. 
For this study, the samples from the different categories of damage 
(other than fines) and sound samples, from combine harvested com (Pio­
neer 3388) were mixed together. Then seven 10-gm samples of each of 
the different categories were prepared for the colorimetric test. The 
samples were soaked in 30 ml of 0.5 percent Fast green FCF dye solution 
for 30 seconds and then the dye was drained and the sample was rinsed 
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under running water for another 30 seconds. The samples were then 
bleached in 100 ml of 0.05N NaOH solution for 30 seconds. A mechanical 
stirrer was used to stir the sample while bleaching. After bleaching, 
the samples were allowed to settle for 30 seconds. The absorbance read­
ing of the extracted dye solution was then taken on a Becfcman DB-G grat­
ing spectrophotometer at 610 nm wavelength for all of these samples. The 
results of the absorbance readings are shown in Table 11.3. 
The average of the absorbance readings for the different categories 
of damage were then divided by the average of the absorbance reading 
for the sound kernels. For simplicity in evaluating the damage index, 
an approximate multiplying factor was decided upon for the different 
categories, as shown in Table 11.4. Substituting the values of D^, 
D^, and in equation 11.1, the equation reduces to: 
D.I. = 40d2 + lOdg + 2d^ + d^ 
(11.3) 
where d^, d^, d^, and d^ are the percentage weight of different damage 
categories, and d^ = 0 (the category on broken com and fines was not 
included in this experiment as they were excluded while evaluating grain 
damage in the next chapter). 
In this case, the range of the damage index is 10 to 400, instead 
of 10 to 100 as in the earlier case. If the whole com sample consists 
of sound kernels, then the damage index will be 10 and if the whole 
sample consists of severely damaged kemels, then the damage index will 
be 400. The damage index in this case has a much wider range compared 
to the previous one. 
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Table 11.3. Absorbance reading for 10-gm samples of different cate­
gories of damage and sound kernels (Pioneer 3388) 
Absorbance^ reading 
Replications Severe Major Minor Sound 
damage damage damage kernels 
(Dg) (Dg) (V (D5) 
1 0 .680 0. 182 0 .030 0.015 
2 0 .635 0, .155 0 .022 0.020 
3 0, .660 0, .230 0 .045 0.015 
4 0, .685 0. 245 0 .026 0.012 
5 0, .630 0. 231 0 .025 0.018 
6 0. 680 0. 164 0 .020 0.017 
7 0. 770 0. 165 0 .025 0.015 
Average 0, .677 0. ,196 0 .028 0.016 
^Beckman DB-G grating spectrophotometer at 610 nm (cell thickness 
1 cm) . 
Table 11.4. Multiplying factor for different damage categories^ and 
sound kernels 
Multiplying Approximate multiply-
factor based on ing factor for damage 
Categories damaged surface index 
area 
(Severe damage) 0.667/0.016 = 42.31 40.0 
(Major damage) 0.196/0.016 =12.25 10.0 
(Minor damage) 0.028/0.016 = 1.75 2.0 
(Sound kernels) 0.016/0.016 =1.00 1.0 
^The category of broken kernels and fines was not included in this 
experiment. 
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Comparison of the Damage Indices 
The numerical damage indices based on germination and damaged sur­
face area were then compared to three other damage indices which were 
based on the conventional concept of percentage damage. Table 11.5 shows 
the damage index numbers and their equations. The objective was to com­
pare all five damage indices and evaluate which one of these indices 
gave the best correlation with the absorbance reading of the damaged 
com samples. This index would then be used as the damage scale on the 
proposed grain damage meter based on colorimetric evaluation of grain 
damage. 
In damage index (I), all of the different categories of damage were 
included on weight basis and no consideration was given to the severity 
of damage of different categories of damage. This damage index (I) can 
be expressed as percentage damage. Damage index (I) is most often used 
by the research workers in evaluating mechanical damage to grain. Dam­
age index (II) was prepared so that it was comparable with damage in­
dices TV and V, where the damage category of broken com and fines (d^) 
was not included in the equations, as the broken com and fines were 
separated from the combine harvested damaged samples prior to damage 
evaluation by the colorimetric technique. In damage index (III) the 
category of minor damage was not included with the assumption that minor 
damaged kernels absorb a very small amount of the dye as compared to 
severe and major damaged kernels, and more human error was involved in 
separating this category of damage from others. 
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Table 11.5. The equations for the different damage indices 
Damage index 
number Equation for the damage index 
l'^' ^ D.I. (I) = d^ + d2 + d^ + d^ 
11^ D.I. (II) = d2 + dg + d^ 
III^ D.I. (Ill) = dg + dg 
IV^ D.I. (IV) = (lOdg + 6d^ + 2d^ +d^)/10.0 
V® D.I. (V) = (40d2 + lOdg + 2d^ + d2)/10.0 
^d^ (broken com and fines), d^ (severe damage), d_ (major damage), 
d^ (minor damage), d^ (sound kernels); percentage weight of different 
categories. 
^Based on the conventional concept of adding all the damage cate­
gories in percentage weight basis. 
^Based on percentage weight of individual damage categories. 
^%ased on germination and d^ = 0. 
^Based on damaged surface area and d^ = 0. 
The same set of data that resulted from the following experiment 
was used in comparing the effectiveness of the five different damage 
indices for critical evaluation of grain damage. 
Exp erimenta1 procedure 
The variety of com that was used in this study was Black B73XM017. 
The com was raised in the Agronomy-Agricultural Engineering Research 
Center of Iowa State University. The ears of coms of different mois­
ture contents were handpicked, husked, and shelled by the stationary 
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sheller (Figure 6.2). They were shelled at different cylinder speeds 
in order to obtain com samples of different damage levels. The cylin­
der speeds, replications, and zone are tabulated in Table I.l of Appen­
dix I. After shelling, the sample was sieved with a 4.76 mm (12/64 in.) 
round-hole sieve and the percentage weight of fines was recorded. The 
samples were dried with a laboratory drier (at room temperature) to 
12.0 percent moisture content. 
The dried 100-gm sample (excluding the fines) was then soaked in 
100 ml of 0.5 percent Fast green FCF dye solution for 30 seconds. The 
dye was drained and the sample was rinsed under running tap water for 
another 30 seconds. The grain sample was then soaked in 250 ml of 0.05N 
NaOH solution for one minute. The concentration of the extracted dye 
solution was then measured with the Beckman DB-G grating spectrohoto-
meter at 610 nm wavelength. The sample was then washed, and dried, and 
later sorted into different categories of damage and sound kernels. 
Table I.l of Appendix I shows the data on the absorbance reading 
and the different categories of damage. The results of the different 
damage categories (d^ through d^) and sound kernels (d^) were then sub­
stituted into the individual equations for the damage indices. The re­
sults of the different damage indices for the same damage sample are 
shown in Table 1.2 of Appendix I. 
Figures 11.4 through 11.8 show the relation of absorbance to the 
different damage indices for the same set of data, as shown in Tables 
I.l and 1.2. Table 11.6 shows the equation relating absorbance to the 
damage indices, with their correlation coefficients. 
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Figure 11.6. The relation between absorbance (A) and damage index, DI(III) 
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Figure 11.7. The relation between absorbance (A) and damage index, DI(IV) 
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Figure 11.8. The relation between absorbance (A) and damage index DI(V) 
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Table 11.6 Comparison of different damage indices 
Damage index 
number 
Relation between absorbance 




I A = 0.2516 + 0.00367 D.I. (I) 0.0975 
II A = 0.2568 + 0.00357 D.I. (II) 0.0908 
III A = 0.1827 + 0.0114 D.I. (Ill) 0.2551 
IV A = 0.0185 D.I. (IV) - 0.0203 0.2654 
V A = 0.0655 + 0.00844 D.I. (V) 0.3520 
Figure 11.4 shows the relation of absorbance reading to the damage 
index (I). The correlation coefficient for absorbance and damage index 
2 
was found to be very low (R = 0.0975). When the same set of data was 
used with the damage index (II), the correlation coefficient was found 
2 
to be even lower (R = 0.0908). Figure 11.6 shows the relation between 
absorbance and damage index (III). The correlation coefficient was 
2 
much improved in this case (R = 0.2551), where the minor damage was 
excluded. When the same set of data was used with the damage index (IV) 
2 
which is based on the germination test, the correlation coefficient (R ) 
2 
was found to be 0.2654. However, the best result (R = 0.352) was ob­
tained by using the damage index (V), which is based on damaged surface 
area. 
Damage indices (II) and (V) used the same categories of damage in 
their equation. In damage index (II), no consideration was given to the 
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severity of daniage of the different damage categories, while in damage 
index (V), a considerable amount of consideration was given to different 
damage categories. Due to this distinction, the correlation coefficient 
for damage index (V) is about four times higher than the correlation 
coefficient for damage index (II). 
Although the correlation coefficient for damage index (V) was 
higher than that of damage index (II), when compared to the correlation 
coefficient of 0.98 for artificial damage and absorbance reading (Figure 
8.18, Chapter 8) it was very poor. It was a very difficult task to 
identify the exact extent and severity of individual kernel damage by 
visual inspection. For example, a kernel might appear to have a small 
crack on the pericarp and by the visual inspection would be classified 
as either minor or perhaps major damage, when in reality, the crack 
could be penetrating from one side of the kernel to the other. Thus, as 
this kernel is soaked in the dye, it will absorb as much dye as if it 
were two broken pieces of a kernel. Therefore, any attempt to correlate 
the absorbance reading with the visual inspection (or even any of the 
damage indices) will not give a satisfactory result. It is expected 
that the absorbance reading of a grain sample will have a higher cor­
relation with COg production, or with another such sensitive evaluation 
techniques. 
This study has demonstrated that whenever the extent of the damage 
(including severity) in a sample was known, there was a better correla­
tion between the absorbance reading and damage than when the level of 
mechanical damage was estimated by visual inspection, which was 
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vulnerable to human judgment and error and thus would give results which 
would be misleading. For this reason, when the exact level of mechanical 
damage was known in the sample, such as in Figure 8.18, the correlation 
coefficient was as high as 0.98. So the more information concerning the 
extent of the damage was used in calculation of the damage index, the 
better the correlation between damage index and absorbance. 
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CHAPTER XII. DEVELOPMENT OF A SCALE FOR THE PROPOSED 
GRAIN DAMAGE METER FOR CORN 
In general, the scale of a conventional spectrophotometer (which 
was used as the major device for measuring the concentration of the ex­
tracted dye solution) consisted of an absorbance and a percent trans­
mission scale. The objective of this research endeavor was to establish 
the relation of the absorbance (or percent transmission) reading to the 
actual level of mechanical damage from selected harvested com samples. 
The level of mechanical damage can be presented either as percentage 
total damage, which is the conventional concept of damage level, or by 
using some of the proposed damage indices discussed in Chapter XI. Once 
the relation of the absorbance reading of the extracted dye solution to 
the level of mechanical damage of the com samples was established, the 
conventional scale of the spectrophotometer could be converted into the 
proposed scale of a damage meter. Figure 12.1 shows the absorbance and 
percent transmission scale of the conventional spectrophotometer and the 
scales for the proposed damage meter. The top scale of the proposed 
damage meter shows percent total damage. The bottom scale of the damage 
meter shows arbitrary grade numbers, which can also be replaced by a 
damage index for both qualitative and quantitative evaluation of the 
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In order to establish the relation of the absorbance reading to the 
level of mechanical damage, different varieties of com were shelled in 
the laboratory and the level of mechanical damage was determined along 
with the absorbance reading. The two different varieties of com, were 
Pioneer 3388 and Black B73XM017. Both of the varieties were harvested 
during the 1975 harvesting season from the Agronomy-Agricultural Engineer­
ing Research Center of Iowa State University. The Black B73XM017 was 
grown and harvested from two different plots of the research center. The 
Pioneer 3388 was harvested from two different fields in order to obtain 
samples of various moisture levels but of the same variety. As the 
treatment levels with respect to tillage and fertilization were not the 
same in both fields, there was a variation in kernel and ear size in the 
two plots for com of the same variety. The com ears for various 
levels of moisture content were handpicked, husked, and were stored in 
sealed containers for two to three days prior to shelling so that all of 
the ears reached the equilibrium moisture content. The com ears were 
then shelled by the stationary sheller at different cylinder speeds in 
order to obtain com samples of different damage levels. The sheller 
is shown in Figure 6.2 and the detailed procedure was explained in 
Chapter VI. Both varieties of com were harvested following the same 
procedure discussed in Chapter VI. 
Table I.l of Appendix I shows the levels of moisture content, cylin­
der speeds, replications, and zones for the different samples. After 
each run, the com samples were collected from the different zones of 
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the concave (Figure 6.3). The sample was then sieved with the USDA No. 
12 sieve and the results are recorded as percent fines in Table I.l. 
The shelled com samples without the fines were then dried to 12.0 per­
cent moisture content at room temperature, using a laboratory drier. 
A 100-gm sample was prepared by using a Boemer grain divider and 
the samples were then stored for subsequent lab analysis. During the 
next year, the samples were analyzed for colorimetric evaluation of grain 
damage. The 100-gm sample was soaked in 100 ml of fresh Fast green FCF 
dye (0.5 percent) solution for 30 seconds. The dye was removed and the 
sample was rinsed under running tap water for 30 seconds. It was then 
soaked in 250 ml of 0.05N NaOH solution for one minute in order to ex­
tract the dye from the damaged kernels. The concentration of the ex­
tracted dye solution was then measured with a Beckman DB-G grating 
spectrophotometer (610 nm wavelength). The samples were dried for later 
evaluation of mechanical damage by visual inspection for the same sample. 
Although most of the dye was recovered in the extracted dye solution, 
enough dye was left on the damaged kernel to aid in visual inspection. 
During the subsequent visual inspection, the damaged com sample was 
divided into different damage categories, these were: severe damage 
(Figure 6.7), major damage (Figure 11.1), minor damage (Figure 11.2), 
and sound kernels (Figure 6.11). The results of these different damage 
categories of damage along with absorbance readings of the extracted 
dye solution, are shown in Table I.l of Appendix I. Due to the cost and 
time involved in evaluating each sample, only a selected number of 
samples from both varieties were used for the colorimetric evaluation 
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of combine harvested com samples. For this reason, some of the data 
are missing from the table. 
The different categories (d^, d^, d^, and d^) were then used in 
Equation 11.3 to compute the damage index (V) based on damaged surface 
area, as discussed in the preceding chapter. Table I.l also shows the 
computed damage index (V) for all samples. 
Figure 12.2 shows the relation of absorbance reading to the damage 
2 index (V) for Pioneer 3388. The correlation coefficient (R ) for the 
absorbance reading and the damage index (V) was 0.3573. The correlation 
2 
coefficient (R ) for the absorbance reading and the damage index (V) for 
the other variety of com (Black B73XM017) was 0.352. Figure 11.8 shows 
the relation of the absorbance reading to the damage index (V) for 
Black B73XM017. 
Figure 12.3 shows the relation of the absorbance reading to the 
damage index (V) for both varieties of com (Pioneer 3388 and Black 
2 
B73XM017). The correlation coefficient (R ) was 0.3008, which is lower 
than that for the individual varieties of com. 
As discussed in Chapter X, com variety and kemel size will not 
ultimately affect the colorimetric evaluation of grain damage. From 
this study, it is also proven that although Pioneer 3388 variety was 
harvested from two different plots with different ear and kemel sizes 
and Black B73XM017 was harvested from one plot, the correlation coeffi-
2 
cients (R ) for the absorbance readings and the damage index (V) for 
both varieties were very close to each other. The poor correlation coef­
ficient that exists for the absorbance reading and the damage index (V) 
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is due to the visual inspection technique, which was the basis for the 
development of the damage index (V), as discussed in Chapter X. 
It is concluded that it will not be appropriate to use the damage 
index (V) as the top scale for the proposed damage meter (Figure 12.1) 
due to the poor correlation of the absorbance reading of the spectro­
photometer and the damage index (V). Some other damage index must be 
developed which is not based on human judgment, such as CO2 production 
of the damaged sample, and should be used as the top scale on the pro­
posed damage meter. Another unit that could be used on the damage scale 
of the proposed damage meter is the percent artificial damage, which had 
a high correlation coefficient of 0.98 for the absorbance reading and the 
percent artificial damage, as in Figure 8.18. The level of artificial 
damage can be varied by adding either split com kernels or fines and 
broken com kernels of uniform size. 
Another alternative would be to use the conventional absorbance 
scale (from 0 to 1.0) or the percent transmission scale (0 to 100) as an 
arbitrary scale for an indication of the damage level. The reading 
would be taken of the extracted dye solution by using standard experi­
mental procedure. The lower the absorbance reading, the better would 
be the quality of the sample and similarly, the higher the absorbance 
reading of the extracted dye solution, the lower would be the quality 
of the grain sample. The percent transmission scale could also be used 
as the arbitrary basis of soundness of the sample. The lower the read­
ing of the percent transmission, the lower would be the quality of the 
sample and the higher the percent transmission reading of the extracted 
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dye solution, the better would be the quality of the harvested grain 
sample. 
Using a scale between 0 and 100 (such as percent transmission) is 
more appealing as it will get away from the old U.S. official grain 
grades and will give a wide latitude for designation of the quality of 
grain desired by the buyer. 
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CHAPTER XIII. SUMMARY AND CONCLUSIONS 
Investigations were carried out to develop a practical and inex­
pensive grain damage evaluation system. The system was fast and reli­
able and was administered without skilled help. It was found suitable 
for possible use in the grain trade by the producers, processors, and 
the ultimate users of the grain. 
Some of the variables that were encountered in the evaluation of 
grain damage were the variation of kernel shape, size, and volume be­
tween varieties of the same grain and also between cereal grains. The 
protein and starch content varied between different parts of a kernel, 
between varieties of the same grain, and between cereal grains. The 
moisture content of the kernels also varied during the harvesting season 
and during the drying and storage operations of the cereal grains. 
This study concentrated on the development of a grain damage meter 
for com, but the basic principle was applied to other cereal grains 
and could possibly be applied to fruits and vegetables as well. 
Most of the damage in com was inflicted during the process of com­
bining or harvesting. The kernels were both externally and internally 
damaged (mechanically) during the harvesting operation. During subse­
quent postharvesting operations, such as drying, loading, unloading, 
transporting, and storage, the quality of the grain was further deterio­
rated . 
During laboratory shelling by conventional combine, it was observed 
that 0.74 percent of the shelled com was broken com and fines, 3.75 
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percent were severely damaged, 11.81 percent had crown damage, 3.35 
percent had embryo damage, 13.51 percent had pericarp damage. The rest 
of the kernels were externally sound. The majority of the com kernel 
damage took place either on the crown or on the pericarp, both of which 
are a part of the endosperm section of the com kernel. The endosperm 
of a com kernel consists of 86.4 percent starch and 9.4 percent protein 
and a small fraction of other components. 
The colorimetric technique for evaluation of grain damage was based 
on determining the amount of damaged area of the com kernel which was 
exposed to the atmosphere. When the sound pericarp of a kernel is rup­
tured, the kernel is said to be damaged. Once the pericarp is ruptured, 
the starch and protein molecules of the damaged tissues and cells are ex­
posed to the atmosphere. This is the seat of fungial activity which de­
teriorates the com and causes losses in organic matter. The amount of 
damage to a com kemel was determined by evaluating the area of exposed 
starch. The starch molecules were reacted with a selective dye and subse­
quently the amount of the dye absorbed by the exposed starch molecules was 
estimated by extracting the dye with a selective dye recovery solution. 
The procedure used to evaluate grain damage was to soak mechanically 
damaged grain samples in a dye solution that stains all of the mechani­
cally damaged tissues that are exposed to the atmosphere but not the 
tissues of the intact pericarp covering the seed. After soaking the 
sample in the dye for one minute, the dye was drained and the sample was 
rinsed under running tap water for 30 seconds in order to remove all of 
the excess dye from the pericarp of the seeds. After rinsing, only the 
damaged sections of the kemel were stained and the sound pericarp was 
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not. The dyed grain sample was then treated with a dye extracting solu­
tion (bleaching solution) for one minute. During this treatment, dye 
from the damaged part of the grains was extracted into the solution, 
thus recovering most of the dye that was stained by the damaged surfaces 
of the kernels. The concentration of the extracted dye solution was then 
measured by using a simple colorimetric technique. 
The concentration of the dye from the extracted dye solution was 
found to be linearly proportional to the level of mechanical damage 
(artificial). The relationship between concentration of the extracted 
dye solution and mechanical damage was expressed by the following 
equations for different grains along with their correlation coefficients: 
com: A = 0.0324 + 0.0077 (D) (R^ = 0.98) 
sorghum: CR = 47.0833 + 1.1167 (D) (R^ = 0.99) 
wheat: A = 0.04074 + 0.05468 (D) (R^ = 0.98) 
where, A = absorbance at 610 nm 
CR = colorimeter reading with a filter No. 54 
D = percent damage 
The amount of dye absorbed by the damaged kernels increased with an 
increase in both the dye concentration and in the soaking time in the 
dye solution. This relationship was expressed by the following 
equations ; 
A = 0.78 (C)°'53 
A = 0.2 (T^)°'^^ 
where, A = absorbance at 610 nm 
C = dye (Fast green FCF) concentration in percent 
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= soaking time in the dye in minutes 
As the normality of the extracting solution (NaOH) was increased, 
the amount of the dye extracted by the recovery solution also increased 
up to O.IN and then decreased. The amount of the dye extracted by the 
recovery solution increased with an increase in zhe recovery time and 
decreased with an increase in the volume of the recovery solution. 
The relationships was expressed by the following equations: 
A = 0.32 + (0.08)Ln 
A = 100.61 
where A = absorbance 
Tg = recovery time of the dye in the NaOH solution in hours. 
V = volume of the recovery solution (NaOH, O.OIN) in ml. 
The pH of the dye solution affected the amount of dye absorbed by 
the damaged kernel. 
From the limited studies done on com, it was found that the color-
imetric technique for the evaluation of grain damage was practically 
independent of com variety and kemel moisture content. It was also 
found to be independent of ambient air temperature. 
Several damage indices for com were studied in order to develop a 
scale for the proposed grain damage meter. There were no high correla­
tions found between the colorimetric reading and the damage indices, 
which were based on visual inspection. 
The study on damage indices demonstrated that whenever the extent 
of the damage (including severity) in a sample was known, there was a 
better correlation between the absorbance reading and damage than when 
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the level of mechanical damage was estimated by visual inspection, 
which was vulnerable to human judgment and error and gave misleading 
results. 
Thus, the more information employed concerning the extent of damage 
in the calculation of the damage indices, the better the correlation 
between the damage index and the absorbance. 
A damage scale can be developed based on the existing percent trans­
mission or absorbance scale. Using a scale, such as percent transmis­
sion between 0 and 100 is more appealing as it will get away from the old 
United States Official Grain Standards (numerical grades) and will give 
a wide latitude for designation of the quality of grain desired by the 
wide range of buyers. 
It is proposed that the newly developed colorimetric technique be 
developed into a practical and useful tool for evaluating mechanical 
damage in grains in the grain trade. The procedure for the colorimetric 
evaluation of grain damage is simple enough to be performed without• 
skilled labor. It takes less than three minutes to perform the test on 
a sample; once automated, it will take even less time. The dye and 
extracting solutions are inexpensive and easily available. The standard 
colorimeters or spectrophotometers that are available on the market can 
be used for measuring the concentration of the dye. These can be ob­
tained at a relatively low cost and can easily be converted into the pro­
posed damage meter. 
The technique is expected to be sensitive enough to satisfy the 
need for quality for a wide range of ultimate users of the grain and 
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also for the producers and the marketers in the grain trade channel. 
It is thus expected that the proposed technique be accepted by the 
grain trade as a fast, efficient and reliable evaluator of grain 
damage. 
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CHAPTER XIV. SUGGESTIONS FOR FURTHER RESEARCH 
In order to gather more information on the effect of kernel mois­
ture content and com variety on colorimetric evaluation of grain 
damage, a similar study must be done with a larger number of repli­
cations for different varieties of com at a wide range of moisture 
contents. It will be preferable to use fresh samples instead of 
rewetted samples. A similar study must be done with other cereal 
grains such as wheat, rye, and barley. 
Scales need to be developed for the proposed damage meter either on 
an arbitrary basis or on the basis of carbon dioxide production of 
damaged grain, or on the breakage test, or the germination test. 
The scale must be applicable to different cereal grains. It must 
also be sensitive enough to satis^ the need for quality for a wide 
range of ultimate users of the grain and also for the producers and 
the marketers in the grain trade channels. 
Since only a few dyes have been evaluated during the course of this 
research endeavor, more dyes should be tested. There are hundreds 
of dyes available on the market. Some dyes are more expensive than 
others. Relatively inexpensive dyes should be tested on different 
grains. 
The present dye (Fast green FCF) did not stain the exposed 
homy endosperm of the com kernel. More dyes and also the dying 
techniques should be investigated in order to solve the problem of 
staining the homy endosperm and embryo of the com kemel. A 
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combination of dyes should also be investigated so that both the 
protein and starch molecules in the damaged tissue cells are simul­
taneously stained by the application of the combined dyes. 
4. Different dye extracting solutions should be evaluated. Sodium 
hydroxide solution was most often used in this research endeavor. 
For seme grains, such as sorghum, sodium hydroxide is not a good 
extracting solution. Thus, other extracting solutions, such as 
alcohol, should be investigated as possible extracting solutions 
for com and other cereal grains. 
5. The effect of other chemical parameters (such as pH of the dye solu­
tion) on the colorimetric evaluation of grain damage must be investi­
gated. 
6. A mathematical equation should be developed relating the rate of 
absorbance to the amount of damaged exposed area of kernels of vari­
ous cereal grains. 
7. The colorimetric technique for evaluation of grain damage should be 
automated so that a continuous readout of the quality of grain 
samples from the damage meter is possible both at the buying and sell­
ing points in the trade channel and also for monitoring the quality 
of the incoming grain in the processing plant. 
8. The quality of the input grain (from the standpoint of mechanical 
damage) in the wet and dry milling industry, and the feed manufac­
turing plant should be monitored by using the proposed damage eval­
uation system and the results should be correlated with the quality 
of their final products. 
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9. The damage evaluation system should also be used to correlate the 
level of mechanical damage with drying cost and the susceptibility 
of the dried grain to further breakage from additional handling and 
transportation. 
10. It should also be used to correlate the dust level (which is mainly 
responsible for most of the dust explosions in the grain elevators) 
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APPENDIX A: DESCRIPTION OF A CORN KERNEL 
Botanically, a corn kernel is known as a caryopsis—a dry one-
seeded berry in which the fruit coat and seed are fused to form a single 
grain. Shape, size, structure, and composition of the kernel are de­
termined by its genetic background. Various kernel types result from 
developing the plant through breeding methods known as mass selecttion, 
preservation of mutations, and hybridization. The major kernel of com­
merce is the dent variety. 
Mature com kernels are composed of four major parts: pericarp 
(hull or bran), germ (embryo), endosperm, and tip cap. Each of the main 
parts of the grain—pericarp, germ, endosperm, and tip cap — is fur­
ther subdivided into various layers, tissues or regions. Wolf et al. 
(1952a) presented parts of the com kemel and their relationship to 
each other (see Figure A.l). 
Hereditary Makeup of Different Kernel Components 
Each of these parts of the com kemel (seed coat or pericarp, endo­
sperm, and embryo) has a different hereditary makeup—the pericarp is 
all tissue from the mother plant, which produced the seed; the endosperm 
inherits two-thirds from the mother plant and one-third from the male; 
the embryo has an equal contribution from the male and female parents 
(Aldrich and Leng, 1965). 
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—Pericarp (fruit coat) 
1. Epidermis, cutinized 
2. Mesocarp 
3. Cross cells 











1. Aleurone layer 
2. Starch storage parenchyma 
—Scutellum 
1. Epithelium 
2. Oil storage parenchyma 










—Primary root, covered 
by coleorhiza 
The various layers, tissues and regions in detail 
Function of Different Kernel Components 
Each of the three parts of the kernel also has a definite role to 
play. The pericarp protects the seed both before and after planting— 
preventing or limiting the entry of fungi or bacteria which would invade 
the kernel. If the pericarp is damaged, germination of the seed may be 
slowed; disease organisms can invade the germinating kernel and use up 
the stored food before the seedling is established. Thus, sound seed 
with little or no seed coat damage is important for seedling vigor and 
the establishment of good stands. 
211 
The endosperm of a com kernel is the main energy reserve of the 
kernel. The chief function of the endosperm is to provide food energy 
for the young plant until its roots are well-established and its own 
leaves are able to manufacture enough energy-producing substances (carbo­
hydrates) to meet requirements for life (respiration) and growth. 
The embryo of the com kernel is made up of two main parts, the 
embryo axis or new plant, and the scutellum, which is a rich storehouse 
of food for the developing seedling. In the mature kernel, the embryo 
axis consists of a plumule (leafy part) in which 5 to 6 embryonic leaves 
and a radicle or root like portion are already formed in miniature. Thus, 
the parts which will first develop into a new seedling are already 
formed in the resting seed, and the nature of the early seedling is al­
ready determined to a considerable extent when the seed of the previous 
crop is fully developed. (Aldrich and Leng, 1965). 
Chemical Composition of Different Kernel Components 
liE SSS. 
The smallest fragment is the tip cap--the remnant of the tissue 
connecting the kernel to the cob (Wolf et al., 1952a). This spongy 
structure has star-shaped cells well-adapted for rapid moisture absorp­
tion. At the point of attachment to the germ, there is a black tissue 
known as the hilar layer. Conceivably this tissue serves as a sealing 
mechanism upon maturation of the kernel. The average chemical composi­
tion of the tip cap of yellow dent varieties is: protein 9.1 percent, 
starch 5.3 percent, ash 1.59 percent, oil 3.8 percent and sugar 1.61 
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percent (Earle et al., 1945). 
Pericarp 
The pericarp of a com kernel is ccanposed of an outer layer of 
dead, elongated, thick-walled cells forming a tough, dense tissue (Wolf 
et al., 1952b). Beneath this layer is a spongy layer of cells—the 
cross and tube cells—that is continuous with the spongy cells of the 
tip cap. A thin suberized membrane known as the seed coat or testa 
comes next. Beneath the testa lies a one-cell-thick tissue known as 
the aleurone cell layer. Morphologically, it is part of the endosperm 
(Hinton, 1953). The average chemical composition of the pericarp or 
bran portion is: protein 3.7 percent, starch 7.3 percent, ash 0.84 per­
cent, oil 1.0 percent, and sugar 0.34 percent (Earle et al., 1946). 
Germ 
The scutellum and the embryonic axis are the two major parts of 
the germ. The scutellum makes up about 90 percent of the germ and stores 
nutients mobilized during germination. During germination, the embryonic 
axis grows into a seedling (Wolf et al., 1952d). The average chemical 
composition of the germ is: protein 18.8 percent, starch 8.2 percent, 
ash 10.1 percent, oil 34.5 percent, and sugar 10.81 percent (Earle et 
al., 1946). 
Endosperm 
The mature endosperm of normal dent com kernels is composed of 
flou^ and homy regions. Quantities of the homy and floury parts vary 
considerably. Generally, for normal dent, the ratio of homy to floury 
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is about 2:1 (Wolf et al., 1952e). Popcorn and flint corns have mainly 
homy regions with a small central core of floury endosperm. Floury 
varieties have little homy material. The floury endosperm region is 
characterized by large cells, large round starch granules, and a thin 
protein matrix which mptures during drying to form voids. The protein 
matrix in the homy endosperm is thicker and does not mpture upon dry­
ing. The tightly-packed homy endosperm causes the starch granules to 
assume surface characteristics. These regions have a 1.5 to 2.0 percent 
higher protein content than the floury regions (Hinton, 1953). On the 
outer edges of the endosperm, just under the aleurone layer, is located 
a high-protein material (as much as 28 percent protein). The minute 
starch granules are surrounded by a thick protein matrix. 
In mature dent endosperm, the proteinaceous material consists of two 
microscopically distinct proteins: a matrix protein and a granular ccm-
ponent embedded in the matrix (Duvick, 1961). The spherical protein 
bodies range in size from near the limit of resolution in the light 
microscope up to about 3 in diameter. The bodies are largest and most 
numerous in the subaleurone cells, progressively decreasing in size from 
the outer to the inner cells of the endosperm. 
The major portion of the com endosperm consists of starch granules 
(Duvick, 1961 and Earle et al., 1946). The central portion contains 
the largest granules (10-30 p). Tissue successively closer to the 
periphery contains successively smaller starch granules (1-10 ji). The 
starch granules in dent com are so tightly packed that they have flat­
tened areas or facets. The floury variety, opaque-2, has a loose, almost 
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spongelike character (Dilmer, 1966). The smoother surface and rounded 
appearance of the starch granules is an indication of lower density 
granule packing (Inglett, 1970). The average chemical composition of 
the endosperm is: protein 9.4 percent, starch 86.4 percent, ash 0.31 
percent, oil 0.8 percent, and sugar 0.64 percent (Earle et al., 1946). 
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APPENDIX B: DATA ON NATURE OF CORN KERNEL DAMAGE IN COMBINES 
Table B.l. Different categories of damage from combine-shelled corn (Black B73XM017) 
Obser­ Moisture Severe Crown Embryo Pericarp Sound 
vation® content ^  RPM*^ Rep. Zone Fines ^  damage damage damage damage kernels (%) (%) (%) (%) (%) 
1 27.75 435 1 1 0.64 4.32 9.30 1.26 22.92 61.56 
2 27.75 435 1 2 0.59 2.23 7.77 3.18 13.63 72.59 
3 27.75 435 1 3 0.79 2.96 5.50 3.90 13.58 73.27 
4 27.75 435 1 4 0.59 2.32 9.68 3.32 10.80 73.30 
5 27.75 435 2 1 0.37 3.51 9.45 2.62 6.87 77.19 
6 27.75 435 2 2 0.57 2.69 9.53 2.28 9.52 75.42 
7 27.75 435 2 3 0.54 5.49 7.83 1.55 11.29 73.30 
8 27.75 435 2 4 0.41 1.54 6.66 1.56 12.25 77.55 
9 27.75 435 3 1 0.65 4.28 7.63 8.79 22.39 56.24 
10 27.75 435 3 2 0.62 2.57 4.53 0.88 6.04 85.32 
11 27.75 435 3 3 0.52 4.48 7.87 1.50 14.40 71.19 
12 27.75 435 3 4 0.25 1.19 8.58 2.34 14.76 72.86 
13 27.75 540 1 1 0.57 4.76 8.93 1.28 19.67 64.76 
14 27.75 540 1 2 0.70 2.51 5.48 4.15 13.16 73.97 
15 27.75 540 1 3 0.58 2.55 7.07 2.39 9.06 78.33 
16 27.75 540 1 4 0.39 4.52 8.43 2.34 13.43 70.86 
17 27.75 540 2 1 0.75 3.49 7.62 2.62 9.12 76.37 
18 27.75 540 2 2 0.58 5.79 6.76 4.24 19.41 63.20 
19 27.75 540 2 3 0.51 4.02 7.96 1.92 13.88 71.68 
20 27.75 540 2 4 0.57 3.96 10.05 3.09 14.06 68.24 
21 27.75 540 3 1 1.18 5.06 6.16 2.55 6.16 78.87 
22 27.75 540 3 2 0.97 3.11 7.95 2.38 6.30 79.26 
23 27.75 540 3 3 0.64 3.90 8.82 3.05 25.94 57.61 
24 27.75 540 3 4 0.41 3.27 9.02 2.55 23.93 60.79 
25 27.75 640 1 1 0.76 4.77 7.77 3.00 9.84 73.82 
26 27.75 640 1 2 1.00 5.61 10.85 3.73 9.04 69.75 
27 27.75 640 1 3 1.10 7.02 9.02 4.74 23.85 54.24 
28 27.75 640 1 4 0.94 3.64 12.18 7.37 32.68 43.16 
29 27.75 640 2 1 1.05 5.14 7.59 4.33 22.55 59.30 
30 27.75 640 2 2 1.14 4.77 10.70 1.84 10.35 71.17 
31 27.75 640 2 3 1.02 6.22 5.88 3.36 9.78 73.72 
32 27.75 640 2 4 0.71 4.90 15.17 3.25 19.00 56.94 
33 27.75 640 3 1 0.73 3.07 12.23 1.01 15.78 67.14 
34 27.75 640 3 2 1.18 6.14 11.37 9.35 6.67 65.25 
35 27.75 640 3 3 0.88 6.17 10.09 2.97 12.73 67.13 
36 27.75 640 3 4 0.91 6.02 10.67 5.34 31.68 45.35 
37 22.80 450 1 1 0.45 4.15 8.58 2.45 27.69 56.64 
38 22.80 450 1 2 0.52 1.75 10.57 2.71 9.08 75.33 
39 22.80 450 1 3 0.55 0.86 12.25 3.29 8.19 74.81 
40 22.80 450 2 1 0.49 3.55 6.45 1.39 9.42 78.70 
41 22.80 450 2 2 0.54 2.55 8.16 3.08 6.99 78.66 
42 22.80 450 2 3 0.47 1.59 7.99 4.40 10.27 75.23 
43. 22.80 450 2 4 0.43 1.42 7.64 . 4.51 10.33 75.64 
44 22.80 450 3 1 0.48 2.21 6.01 4.11 4.53 82.62 
45 22.80 450 3 2 0.41 1.64 6.72 0.93 9.59 80.69 
46 22.80 450 3 3 0.30 2.02 5.32 2.31 11.88 78.13 
47 22.80 450 3 4 0.39 2.47 10.97 2.65 9.08 74.41 
48 22.80 540 1 1 0.62 2.42 10.34 2.75 7.38 76.47 
49 22.80 540 1 2 0.62 3.46 12.40 5.79 4.94 72.76 
50 22.80 540 1 3 0.55 2.84 11.73 4.26 19.58 61.00 
51 22.80 540 1 4 0.57 3.77 17.31 2.31 19.88 56.13 
52 22.80 540 2 1 0.67 3.73 5.75 2.98 35.61 81.23 
53 22.80 540 2 2 0.54 2.60 2.94 3.14 13.28 77.47 
^Some of the data on damage classification are missing due to 1 spoilage of the samples. 
^Moisture content (N.C.) was on a percentage wet weight basis. 
^The cylinder speed (RPM) was intended to be at 440, 540, and 640 rpm; however it varied 
to some extent occasionally. 
^Fines were obtained by passing the shelled corn kernels through a 4.76 mm (12/64 in.) 
round-hole sieve, 




content RPM Rep. Zone Fines 
54 22,80 540 2 3 0.52 
55 22.80 540 2 4 0.41 
56 22.80 535 3 1 0.44 
57 22.80 535 3 2 0.52 
50 22.80 535 3 3 0.43 
59 22.80 535 3 4 0.24 
60 22.80 630 1 1 0.39 
61 22.80 630 1 2 0.50 
62 22.80 630 2 1 0.36 
63 22.80 630 2 2 0.50 
64 22.80 630 2 3 0.53 
65 22.80 630 3 1 0.78 
66 22.80 630 3 2 0.87 
67 19.00 435 1 1 0.66 
68 19.00 435 1 2 0.54 
69 19.00 435 1 3 0.60 
70 19.00 435 1 4 0.23 
71 19.00 440 2 1 0.75 
72 19.00 440 2 2 0.67 
73 19.00 440 2 3 0.43 
74 19.00 445 3 1 0.75 
75 19.00 445 3 3 0.29 
76 19.00 445 3 4 0.59 
77 19.00 540 1 1 0.67 
78 19.00 540 1 2 0.69 
79 19.00 540 1 3 0.64 
80 19.00 540 1 4 0.40 
81 19.00 535 2 1 0.19 
Severe Grown Embryo Pericarp Sound 
damage damage damage damage kernels 
(%) (%) (%) (%) (%) 
3.20 7.55 4.39 13.35 70.95 
2.96 12.29 3.03 6.26 75.01 
1.34 8.21 2.68 8.52 78.78 
1.45 7.60 1.71 11.36 77.33 
4.43 10.40 7.42 24.09 53.21 
2.49 8.77 5.99 19.19 63.29 
2.70 5.83 4.64 6.09 80.32 
4.11 9.27 4.65 27.65 53.78 
2.57 7.04 3.39 10.18 76.44 
2.02 6.64 5.82 26.07 58.93 
2.85 8.65 5.35 24.63 57.96 
3.74 6.52 2.55 5.39 80.99 
5.33 7.71 3.34 10.17 72.54 
3.24 11.40 2.38 15.77 66.51 
2.96 11.22 2.15 14.87 68.23 
2.67 5.47 2.72 6.38 82.14 
2.86 13.02 1.88 9.17 72.81 
1.82 4.46 1.55 6.33 85.06 
2.17 5.18 1.68 3.47 86.80 
1.38 6.43 1.57 17.42 72.74 
3.10 8.09 2.81 19.53 64.69 
1.85 8.12 2.01 18.30 69.39 
1.30 7.10 2.07 9.07 79.84 
2.42 4.63 2.06 4.52 85.68 
3.86 9.20 1.56 12.39 72.26 
3.80 6.28 1.18 35.92 52.15 
3.24 7.61 4.72 7.07 76.92 
3.01 7.71 1.82 6.92 80.31 
82 19.00 535 2 2 0.51 
83 19.00 535 2 3 0.52 
84 19.00 535 2 4 0.50 
85 19.00 535 3 1 0.56 
86 19.00 535 3 2 0.78 
87 19.00 535 3 3 0.81 
88 19.00 630 1 1 1.15 
89 19.00 630 1 2 1.44 
90 19.00 630 1 3 1.88 
91 19.00 630 1 4 1.48 
92 19.00 625 2 1 0.73 
93 19.00 625 2 2 1.00 
94 19.00 625 2 3 1.17 
95 19.00 625 2 4 1.16 
96 19.00 625 3 1 0.73 
97 19.00 625 3 2 0.91 
98 19.00 625 3 3 1.10 
99 19.00 625 3 4 0.76 
100 16.00 445 1 1 0.64 
101 16.00 445 1 2 0.57 
102 16.00 445 1 4 0.59 
103 16.00 440 2 2 0.44 
104 16.00 440 2 3 0.45 
105 16.00 440 2 4 0.22 
106 16.00 440 3 1 0.46 
107 16.00 440 3 4 0.42 
108 16.00 545 1 1 0.64 
109 16.00 545 1 2 0.62 
110 16.00 545 1 3 0.67 
111 16.00 545 1 4 0.76 
112 16.00 540 2 3 0.58 
113 16.00 540 2 4 0.58 
114 16.00 540 3 1 0.42 
115 16.00 540 3 3 0.86 
3.46 9.69 4.92 8.16 73.23 
4.47 17.18 5.68 17.92 54.20 
3.29 20.67 2.13 9.09 64.29 
4.29 10.68 3.32 4.59 76.53 
2.60 16.51 1.00 8.88 70.19 
3.67 20.80 3.79 18.73 52.18 
3.86 17.35 7.10 13.53 56.98 
7.15 28.13 2.31 12.94 48.00 
7.13 22.00 3.00 21.87 44.10 
9.78 35.67 6.56 29.32 17.16 
3.42 13.83 3.60 10.45 67.94 
2.64 15.60 3.91 12.10 64.73 
5.99 26.83 3.79 11.51 50.68 
6.23 24.28 6.56 15.10 46.63 
1.52 14.97 4.24 8.49 70.03 
4.27 20.38 5.80 20.58 48.03 
4.05 14.57 3.93 14.57 61.75 
8.43 20.79 5.78 20.10 44.09 
1.33 9.85 0.86 2.98 84.31 
2.84 7.22 2.54 9.03 77.77 
2.13 11.06 4.62 11.47 70.10 
1.84 11.43 2.84 14.54 68.88 
2.56 16.06 3.68 26.00 51.21 
1.81 17.30 2.14 13.20 65.29 
2.65 12.55 1.43 7.21 75.67 
2.98 15.61 2.77 7.27 70.91 
2.97 11.95 1.63 13.29 68.86 
3.48 16.68 4.07 17.67 57.45 
3.38 20.32 7.33 10.03 58.24 
5.54 23.81 4.56 26.72 38.57 
2.26 24.64 5.89 5.22 61.38 
1.59 21.06 3.58 15.82 57.35 
1.08 8.99 2.30 5.28 81.90 
2.81 23.05 1.64 16.90 54.72 
Table B.l (Continued) 
Obser­ Moisture Severe Crown Embryo Pericarp Sound 
vation content RPM Rep. Zone Fines damage damage damage damage kernels 
(%) (%) (%) (%) (%) 
116 16.00 540 3 4 0.71 4.91 19.72 2.05 14.59 57.99 
117 16.00 645 1 1 1.37 3.20 16.54 1.70 7.88 69.28 
118 16.00 645 1 2 1.89 7.45 17.26 3.73 8.70 60.95 
119 16.00 635 2 1 0.61 3.07 7.41 2.24 8.07 78.58 
120 16.00 635 2 2 1.07 3.90 22.29 3.12 9.42 60.18 
121 16.00 635 2 3 1.29 8.22 28.28 4.92 22.21 35.05 
122 16.00 635 2 4 1.60 1.76 15.56 1.30 15.34 64.41 
123 16.00 630 3 3 1.38 6.58 15.76 2.74 6.40 67.11 
124 16.00 630 3 3 2.22 11.53 23.73 4.78 17.03 40.68 
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APPENDIX C: STAINS FOR SPECIFIC STRUCTI3RE 
In the following tabulated summary the structure or substances 
and stains are arranged alphabetically. No discrimination is being made 
between the different stains under any particular heading since it is 
clearly recognized that under varying circumstances and on different 




Fast green FCF 
Methyl or crystal violet 
Light green 
Bulk Stains 






Resorcin blue (specific) 
Cellulose Cell Walls 
Acid fuchsin 
Anilin blue 
Bismarck brown Y 
Congo red 
Delafield's hematoxylin 




Cutinized Cell Walls 
Acid fuchsin 



























Sudan III or IV (specific) 















Janus green B (vital) 
Nuclear (General) 
Carmin 

















Suberized Cell Walls 
Safranin 
Sudan III or IV (specific) 
223 
APPENDIX D: RESULT OF PRELIKLMRY DAMAGE STUDIES 
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Table D.l. The absorbency reading of the combine-harvested com^ 
samples at different levels of mechanical damage and 
damage index 
Observation Total Absorbency 
number percentage 
damage 
1 0.00 0.050 
2 17.29 0.225 
3 17.24 0.245 
4 26.80 0.370 
5 27.32 0.430 
6 28.53 0.400 
7 30.67 0.620 
8 32.06 0.310 
9 36.58 0.410 
10 32.26 0.350 
11 34.00 0.355 
12 34.95 0.430 
13 31.22 0.415 
14 32.98 0.385 
15 33.00 0.510 
16 5.00 0.225 
17 10.00 0,315 
18 20.00 0.295 
19 40.00 0.495 
20 42.87 0.415 
21 52.27 0.400 
22 56.00 0.700 
23 60.76 0.680 
24 65.70 0.680 
25 15.40 0.260 
26 19.48 0.420 
27 22.50 0.495 
28 37.58 0.525 
29 43.79 0.580 
30 48.00 0.650 
31 51.00 0.475 
32 50.00 0.820 
33 53.00 0.660 
^Com variety: Pioneer. Hybrid number unknown. Moisture content: 
10-12 percent (w.b.). 
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Table D.2. The absorbency reading of the com^ samples at different 
levels of artificial damage 
Observation Percent damage 
number C/o split kernels) Absorbency 
1 0 (sound kernels) 0.035 
2 5 0.075 
3 10 0.100 
4 15 0.180 
5 20 0.200 
6 25 0.200 
7 30 0.260 
8 35 0.270 
9 40 0.365 
10 45 0.340 
11 50 0.395 
12 55 0.470 
13 60 0.530 
14 65 0.530 
^Com variety: Pioneer. Hybrid number unknown. Moisture content: 
10-12 percent (w.b.). 
Table D.3. Effect of artificial damage on colorimetric evaluation of 
sorghum (Tey 101) damage 
Observa- Damage Weight of Weight of Colorimeter 
tion level sound sorghum split sorghum reading^ 
number (%) kernels kernels 
(em) Csm) 
1 0.0 50.0 0.0 46.0 
2 5.0 1 47.5 2.5 55.0 
3 10.0 45.0 5.0 57.0 
4 15.0 42.5 7.5 63.0 
5 20.0 40.0 10.0 71.0 
6 25.0 37.5 12.5 75.0 
7 30.0 35.0 15.0 79.0 
8 35.0 32.5 17.5 87.0 
Klett-Summerson colorimeter was used with a filter No. 54. 
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Table D.4. Colorimetric evaluation of combine-harvested wheat^ 
damage (Rabe, 1977) 
Sample Visual^ Absorbence 
number damage Replication 1 Replication 2 Mean 
\/o) 
8 3.33 0.150 0.228 0.189 
10 8.15 0.535 0-485 0.510 
11 8.16 0.510 0.575 0.543 
40 6.64 0.320 0.415 0.368 
42 3.24 0.207 0.212 0.210 
43 3.16 0.270 0.215 0.243 
44 4.40 0.220 0.263 0.242 
45 1.70 0.118 0.135 0.127 
48 11.16 0.635 0.603 0.619 
49 3.49 0.222 0.255 0.239 
50 3.38 0.265 0.230 0.248 
52 4.40 0.285 0.310 0.298 
^Wheat from South Dakota. Variety: Durman; moisture content 12 
percent. 
^Average of 4 inspectors. 
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APPENDIX E: RESULTS OF MACHINE CALIBRATION 
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Table E.3. The absorbency reading of the Fast green FCF in O.OIN 
NaOH solution at different concentrations (ppm) 
Concentration of the dye in 











APPENDIX F: EFFECTS OF DIFFERENT PABAMETERS ON THE COLOR-
METRIC EVALUATION OF GRAIN DAMAGE 
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Table F.l. The absorbency reading of the samples soaked in different 














Table F.2. Effect of fresh and resued dye on absorbance of small, 
medium and big size com kernels (Pioneer 3388) 
Kernel M.C. 




22.20 Used 1 0.720 
tl II 2 0.600 
tl II 3 0.485 
II II 4 0.455 
II II 5 0.445 
II II 6 0.360 
II II 7 0.370 
II II 8 0.350 
ff ir 9 0.340 
II II 10 0.304 
23.58 Fresh 1 0.490 
II It 2 0.530 
II II 3 0.482 
II It 4 0.530 
II II 5 0.620 
II It 6 0.480 
II II 7 0.485 
II II 8 0.485 
II Used 1 0.570 
II II 2 0.530 
II II 3 0.440 
II II 4 0.355 
II tl 5 0.320 
II II 6 0.300 
II II 7 0.290 
II II 8 0.270 
21.50 Fresh 1 0.430 
II II 2 0.440 
II II 3 0.401 
II II 4 0.370 
II It 5 0.400 
II It 6 0.380 
II tl 7 0.340 
II It 8 0.430 
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Table F.3. The absorbency reading of the samples for different amounts 
of soaking time 











Table F.4. The absorbency reading of the samples when re soaked with 
different normality of NaOH solution 




































Table F.6. The absorbency reading of the samples with different amounts 
of O.OIN NaOH solution at different intervals of time 
Time 
Absorbency for samples with different amount of O.OIN NaOH 
solution (ml) 
50 100 150 200 250 300 350 
1.35 0.59 0.37 0.30 0.20 0.19 0.15 
1.70 0.81 0.51 0.36 0.26 0.26 0.19 
1.75 0.97 0.61 0.43 0.32 0.31 0.23 
1.82 1.00 0.68 0.51 0.35 0.37 0.27 







Table F.7. Effect of temperature on colorimeter reading of the Fast 








Table F.8. Effect of pH of the Fast green FCF dye solution on the 
colorimetric reading 
pH Absorbance % transmission 
0.3* 0.430 37.0 
1.0^ 0.470 34.0 
2.1 d 0.490 32.5 
2.95 0.350 44.5 
4.0= 0.755 55.5 
6.0 0.145 71.5 
6.2 0.130 74.0 
7.0® 0.123 75.5 
9.0 0.055 88.0 
5.0® 0.230 59.0 
^0.05 gm of FCF dye vas added to 50 ml of sulfuric acid (IN) 
^10 ml of sulfuric acid (IN) to 40 ml of 0.1 percent Fast green 
FCF dye solution. 
So.8 gm of citric acid pellets in 30 ml of 0.1 percent dye solution 
^1.78 gm of citric acid pellets and 1.28 gm of powder sodium bi­
sulfate to 30 ml of 0.1 percent dye solution. 
^Using Each Chemical pH buffered powder pillows. 
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APPENDIX G: EFFECT OF DIFFERENT PARAMETERS ON THE COLORIMETRIC EVALU­
ATION OF SORGHUM DAMAGE 
The following study was done while the author was on a temporary 
assignment at Sete Lagoa, Minais Gérais, Brazil, for the Agricultural 
Engineering Department, Purdue University, W. Lafayette, Indiana, on 
com and sorghum harvesting loss and damage studies (Chowdhury, 1977b). 
The study involved evaluating com and sorghum field harvesting 
losses and evaluating mechanical damage to com and sorghum while har­
vesting by combine. The principles involved for evaluating com damage 
were similar to the studies done in the U.S. Evaluation of sorghum dam­
age involved special problems while using the same technique as that 
used for com. When bleaching the Fast green FCF dye from damaged ker­
nels by using NaOH solution as the recovery solution, not only was the 
dye from the damaged kemels bleached, but so was the tannin content 
from the seed coat of the sorghum kemels. This made the measurement of 
the dye concentration in the recovery solution difficult. To avoid 
this problem of tannin recovery, alcohol (CH^-CH^-OH) was used instead 
of NaOH solution. Although it did not solve the problem entirely, it 
did facilitate reading the concentration of the dye. 
An old model Klett-Summerson colorimeter was used for measuring the 
dye concentration in the recovery solution. Filter number 54 was chosen 
for those experiments, as it gave the highest reading for the Fast green 
FCF dye solution, although a filter with approximately 610 nm wavelength 
would have been best for this particular dye. 
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The sorghum variety that was used for this experiment was DeKalb 
E57a. The sample was hand threshed and dried at ambient temperature 
(20-25°) to 10.00 percent moisture content (wet basis). The damage 
was induced artificially by splitting the sorghum kernel into two pieces 
by using a razor blade, so that all of the different sections of the 
sorghum kernel could be exposed. 
Effect of the Dye Concentration 
The objective was to observe how sorghum samples of the same dam­
age level, when soaked in the same amount of the Fast green FCF dye 
solution, for the same amount of time but with different concentrations, 
differed in colorimeter reading. 
Five gm of the artificially damaged sorghum kernels (DeKalb E57a) 
were soaked in 30 ml of Fast green FCF dye solution at different dye 
concentrations for 5 minutes. After 5 minutes soaking, the extra dye 
was washed off the seed coat by rinsing under running water for 30 
seconds. The samples were resoaked in 100 ml of 50 percent alcohol 
solution for 5 minutes. The recovered dye solution was then filtered 
by using a paper filter. The dye concentration of the recovered dye 
solution was then measured by using the Klett-Summerson colorimeter and 
the results are shown in Table G.I. 
Figure G.l shows the relation between dye concentration and the 
colorimeter reading. As the dye concentration increases, the colorim­
eter reading also increases, as was the case with com in a similar 
study. 
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Table G.I. Effect of the Fast green FCF dye concentration on the 
colorimeter reading 
Sample Dye concentration Colorimeter 
number (%) reading 
1 1.0 32 
2 0.5 30 
3 0.1 22 
4 0.05 20 
5 0.01 17 
Effect of the Soaking Time in the Fast Green FCF Dye Solution 
For this study, five 5-gm samples of the split sorghum kernels were 
used. Each sample was soaked in 30 ml of 0.1 percent Fast green FCF 
dye solution for different time intervals, starting from 1 minute to 
20 minutes. After soaking for the specified period, the extra dye was 
rinsed off the seed coat, by rinsing them under running water for 30 
seconds. The samples were then resoaked for bleaching in 100 ml of the 
50 percent alcohol solution for 5 minutes. The dye concentration of 
the recovery solution (after filtering the solution) was then measured 
by using the colorimeter. The results are shown in Table G.2. 
Figure G.2 shows the relation between the soaking time and the 
colorimeter reading. The colorimeter reading increases with increase 
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Table G.2. Effect of soaking time in Fast green FCF dye solution 
Number Soaking time Colorimeter 
(Min) reading 
1 1 19 
2 5 24 
3 10 25 
4 15 24 
5 20 27 
Effect of the Percentage of the Recovery Solutions 
The objective was to observe the effect of the strength of the re­
covery solution on extracting the dye from the damaged part of the ker­
nels. Nine samples consisting of 5 gm of the split kernels were soaked 
in 30 ml of 0.1 percent Fast green FCF dye solution for 5 minutes. 
After rinsing the dye solution, the sample was rinsed under running 
water for 30 seconds. After the extra dye was washed off the seed coat 
the samples were re soaked for 5 minutes in 100 ml of different percentages 
of alcohol solutions. The dye concentration of the recovery solution 
(after filtering with a filtering paper), was measured by using the 
Klett-Stmmerson colorimeter. The results are shown in Table G.3. 
Figure G.3 shows the relation between colorimeter reading and the 
alcohol solutions of different percentages. The colorimeter reading of 
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Effect of the soaking time in the Fast green FCF dye solution (0.1%) on the 
colorimeter reading 
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Table G.3. Effect of percentage alcohol solutions on colorimetric 
reading 
Number Alcohol solution Colorimeter 
(%) reading 
1 95 21 
2 75 25 
3 50 25 
4 25 17 
5 20 14 
6 15 13 
7 10 9 
8 5 9 
9 0 8 
60 percent, at which point it begins decreasing with further increase 
in alcohol solution. This result was similar to the result of the study 
on absorbance reading of different normalities of NaOH solution for com. 
Effect of the Recovery Time in 50 Percent Alcohol Solution 
Five 5-gm samples of split sorghum kernel samples were soaked in 
30 ml of 0.1 percent Fast green FCF dye solution for 5 minutes. The dye 
was then rinsed off and the samples were washed under running water for 
30 seconds, to remove the extra dye on the surface of the seed coat. 
The samples were resoaked in 100 ml of 50 percent alcohol solution for 
different time inteirvals from 1 minute to 20 minutes. The dye 
28 r 
S O R G H U M  
D E K A L B  E  5 7 a  
0 1 0  20 70 80 90 30 40 50 60 
A L C O H O L  S O L U T I O N  ( p e r c e n t )  
Figure G.3. Effect of percentage alcohol solution on the colorimeter reading for sorghum 
1 0 0  
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concentration of the recovery solution was then measured with the color­
imeter. The results are shown in Table G.4. 
Table G.4. Effect of the recovery time in 50 percent alcohol solution 
on colorimeter reading 
Sample Bleaching time Colorimeter 
number (Min) reading 
1 1 19 
2 5 24 
3 10 27 
4 15 29 
5 20 31 
Figure G.4 shows the relation between bleaching time and colorimeter 
reading. The colorimeter reading increases with increase in the bleach­
ing time, as shown in the figure. 
Effect of the Amount of Recovery Solution 
Six 5-gm samples of the split sorghum kernels were soaked in 30 ml 
of 0.1 percent Fast green FCF dye solution for 5 minutes. The sample 
was rinsed and washed under running water for 30 seconds and resoaked 
in different amounts of 50 percent alcohol solution for 5 minutes. The 
recovery solution was filtered and the dye concentration was measured 
by using the Klett-Summerson colorimeter. The results are shown in 
Table G.5. 
20 
1 0  
SORGHUM 
( D E K A L B  E  5 7 a )  
0 5 10 15 20 
B L E A C H I N G  T I M E  ( m i n )  
I N  5 0 %  A L C O H O L  S O L U T I O N  
Figure G.4. Effect of the bleaching (recovery) time on the colorimeter reading 
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Table G.5. Effect of different amounts of 50 percent alcohol solu­
tions on colorimeter reading 




1 25 56 
2 50 23 
3 100 20 
4 150 18 
5 200 17 
6 250 13 
Figure G.5 shows the relation between the amount of 50 percent 
alcohol solution and the colorimeter readings, for sorghum samples of 
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APPENDIX H: DATA ON THE EFFECT OF KERNEL SIZE, KERNEL 
MOISTDEE CONTENT, AND CORN VARIETY ON THE 
COLORIWETRIC EVALUATION OF GRAIN DAMAGE 
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Table H.l. Effect of com variety, kernel size, and kernel moisture 
content (initial and final) on absorbance 
Initial Final 
Kernel M.C.^ M.C. 
Variety size (7, w.b.) (% w.b.) Replications Absorbance 
Pioneer Medium 11.0 34.50 1 0.275 
3388 I t  I t  34.50 2 0.280 
I t  I I  t l  31.90 1 0.215 
t l  I t  1 :  31.90 2 0.235 
I t  I t  I I  28.70 1 0.230 
I I  1 1  I I  28.70 2 0.255 
I I  I I  I I  25.72 1 0.280 
I t  I t  I t  25.72 2 0.295 
f t  I I  I t  22.58 1 0.265 
t l  f t  I I  22.58 2 0.375 
I t  I t  t l  19.40 1 0.335 
I t  f t  I I  19.40 2 0.305 
I I  I I  f t  16.40 1 0.295 
I t  I t  f t  16.40 2 0.320 
I I  f t  f t  12.95 1 0.388 
I I  r i  I f  12.95 2 0.385 
I I  f t  f t  8.05 1 0.245 
I I  f t  f t  8.05 2 0.260 
I I  f t  f t  34.50 1 0.248 
I I  I t  I I  31.90 1 0.233 
t l  f t  f t  28.70 1 0.210 
I f  I t  f t  25.72 1 0.200 
I I  I t  I I  22.58 1 0.205 
t l  I I  f t  19.40 1 0.234 
I I  I I  f t  16.40 1 0.215 
f t  I I  t l  12.95 1 0.260 
I I  I I  f t  8.05 1 0.230 
I I  I I  f t  8-05 1 0.230 
t l  I f  I I  8.05 2 0.225 
I I  f t  I t  8.05 3 0.220 
I f  f f  I t  12.95 1 0.238 
f t  f t  I t  12.95 2 0.245 
I f  I f  f t  12.95 3 0.260 
I I  f t  f t  16.40 1 0.271 
1 1  f t  I f  16.40 2 0.275 
^Samples with lower moisture content were rewetted to higher 
moisture content. 
Absorbance readings were taken on 25 gm of split kernels. 
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Table H.l (Continued) 
Initial 
Kernel M.C. 
Variety size (% w.b.) 
Pioneer Medium 11.0 
3388 " " 
I t  I I  I t  
t l  I I  I f  
I t  I t  t t  
I I  I f  t l  
I t  t l  I I  
t t  I I  f t  
I t  I f  I t  
I t  I f  f t  
t t  I f  f t  
t l  f t  I t  
t l  t l  I f  
t f  t l  I f  
I t  f t  f t  
I I  t t  t t  
I I  f t  t f  
: f  f i  I f  
t f  t f  t t  
Large 17.1 
t l  I t  t f  
f t  f f  I t  
" Medium 14.2 
I T  t t  t t  
f t  f t  t f  
14.4 
tl 11 It 
ft 11 ft 
" Large 20.9 
I I  I t  t f  
f f  t l  I f  
1 1  I f  I t  
I I  f f  I f  
f t  f t  t f  
24.4 
t l  t l  f t  
I t  f f  t f  
13C2 Large 29.1 
f t  I f  t l  
" " 26.7 
II II II 
Final 
M.C. 
(% w.b.) Replications Absorbance 
16.40 3 0.268 
19.40 1 0.280 
19.40 2 0.290 
19.40 3 0.310 
22.58 1 0.222 
22.58 2 0.221 
22.58 3 0.220 
25.72 1 0.244 
25.72 2 0.200 
25.72 3 0.235 
28.70 1 0.265 
28.70 2 0.260 
28.70 3 0.270 
31.90 1 0.270 
31.90 2 0.260 
31.90 3 0.265 
34.50 1 0.260 
34.50 2 0.265 
34.50 3 0.235 
17.10 1 0.228 
17.10 2 0.235 
17.10 3 0.234 
14.20 1 0.260 
14.20 2 0.267 
14.20 3 0.290 
14.40 1 0.249 
14.40 2 0.222 
14.40 3 0.250 
20.90 1 0.200 
20.90 2 0.217 
20.90 3 0.220 
27.50 1 0.270 
27.50 2 0.288 
27.50 3 0.315 
24.40 1 0.260 
24.40 2 0.250 
24.40 3 0.300 
29.10 1 0.260 
29.10 2 0.260 
26.70 1 0.220 
26.70 2 0.245 
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Table H.l (Continued) 
Initial Final 
Kernel M.C. M.G. 
Variety size (% w.b.) (7o w.b.) Replications Absorban 
Pioneer Large 18.1 18.10 1 0.200 
1302 I I  I I  18.10 2 0.215 
f f  I I  17.4 17.40 1 0.205 
I T  I I  11 17.40 2 0.210 
13C0 Medium 14.0 14.00 1 0.305 
" 
î l  11 14.00 2 0.290 
11 I I  14.5 14.50 1 0.257 
t l  11 11 14.50 2 0.260 
11 I t  16.7 16.70 1 0.245 
11 11 T t  16.70 2 0.265 
I T  Large 16.4 16.40 1 0.230 
11 I t  11 16.40 2 0.210 
11 I I  15.0 15.00 1 0.250 
11 I I  I I  15.00 2 0.265 
I I  I I  29.6 29.60 1 0.210 
11 I I  I I  29.60 2 0.240 
B73xM017 11 15.6 15.60 1 0.271 
I I  I I  I I  15.60 2 0.230 
I I  I I  20.6 20.60 1 0.205 
I I  t l  I I  20.60 2 0.175 
I I  I I  22.1 22.10 1 0.190 
11 I I  11 22.10 2 0 .210 
I I  I I  21.4 21.40 1 0.255 
I I  21.40 2 0.265 
I I  I I  27.4 27.40 1 0.240 
I I  I I  I I  27.40 2 0.238 
Pioneer I I  11.0 23.56 1 0.265 
3388 I I  I I  23.56 2 0.298 
I I  I I  I I  23.56 3 0.273 
I I  I I  11 37.59 1 0.341 
I I  I I  I I  37.59 2 0.310 
î l  I I  I I  37.59 3 0.350 
I I  I I  I I  31.01 1 0.337 
I I  I I  I I  31.01 2 0.310 
I I  11 11 31.01 3 0.365 
I I  I I  I I  23.06 1 0.237 
I I  I I  I I  23.06 2 0.235 
I I  I I  I I  23.06 3 0.230 
11 I I  I I  18.00 1 0.271 
I T  I I  I I  18.00 2 0.295 
I I  I I  I I  18.00 3 0.265 
Table H.l (Continued) 
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Initial Final 
Kernel M.C. M.C. 
Variety size (% w.b.) (% w.b.) Replications 
Pioneer Large 11.0 25.60 1 0.288 
3388 " " 25.60 2 0.290 
" " 25.60 3 0.270 
" " 19.50 1 0.260 
" " 19.50 2 0.292 
" 19.50 3 0.300 
Table H.2. The effect of artificial damage on the colorimetric reading 
for Cargill 
Weight of hand Weight of Damage Color-
shelled sound split ker- level imetric 
No. kernels (gm) nels (gm) % Block reading 
1 100 0 0 A 6 
B 5 
C 6 
2 95 5 5 A 15 
B 13 
C 14 
3 90 10 10 A 27 
B 24 
C 26 
4 85 15 15 A 34 
B 32 
C 37 
5 80 20 20 A 43 
B 40 
C 44 
^Klett-Summerson colorimeter with a filter No. 54. 
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Table H.2 (Continued) 
No. 












6 75 25 25 A 61 
B 46 
C 53 
7 70 30 30 A 61 
B 50 
G 56 
8 65 35 35 A 70 
B 68 
C 70 
9 60 40 40 A 75 
B 71 
G 72 
10 55 45 45 A 96 
B 94 
G 97 
11 50 50 50 A 111 
B 98 
G 115 
12 45 55 55 A 103 
B 101 
G 103 




Table H.3- The effect of artificial damage on the colorimetric reading 
for Piranao 
Weight of hand Weight of 
shelled sound split ker-
No. kernels (gm) nels (gm) 
1 100 0 
2 95 5 
3 90 10 
4 85 15 
5 80 20 
6 75 25 
7 70 30 
8 65 35 
9 60 40 
10 55 45 
Damage Color-
level imetric 
% Block reading^ 
0 A 9 
B 11 
C 10 
5 A 19 
B 21 
C 20 
10 A 31 
B 32 
C 30 
15 A 39 
B 40 
C 38 
20 A 48 
B 50 
C 47 
25 A 58 
B 50 
C 55 
30 A 67 
B 65 
C 65 
35 A 78 
B 81 
C 76 
40 A 79 
B 80 
C 77 
45 A 106 
B 103 
C 94 
^Klett-Summerson colorimeter with filter No. 54. 
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Table H.3 (Continued) 
No. 












11 50 50 50 A 104 
B 109 
C 110 
12 45 55 55 A 129 
B 126 
C 108 




Table H.4 Effect of large size com^ (Pioneer 3388) kernels on 
absorbance 
Wt. of Wt. of Percent 
Percent Replica­ sound split trans­
damage tions kernels kernels Absorbance mission 
0 1 100.0 0.0 0.040 91.0 
0 2 100.0 0.0 0.047 89.8 
0 3 100-0 0.0 0.040 91.0 
5 1 95.0 5.0 0.100 79.8 
5 2 95.0 5.0 0.080 83.0 
5 3 95.0 5.0 0.110 77.7 
10 1 90.0 10.0 0.140 72.5 
10 2 90.0 10.0 0.145 71.5 
10 3 90.0 10.0 0.160 69.0 
15 1 85.0 15.0 0.205 62.0 
15 2 85.0 15.0 0.195 64.0 
15 3 85.0 15.0 0.180 66.0 
20 1 80.0 20.0 0.260 54.8 
20 2 80.0 20.0 0.255 55.5 
20 3 80.0 20.0 0.265 54.2 
25 1 75.0 25.0 0.320 48.0 
25 2 75.0 25.0 0.305 49.0 
25 3 75.0 25.0 0.340 45.5 
30 1 70.0 30.0 0.440 36.0 
30 2 70.0 30.0 0.440 36.0 
30 3 70.0 30.0 0.450 35.0 
40 1 60.0 40.0 0.612 23.4 
40 2 60.0 40.0 0.542 29.9 
40 3 60.0 40.0 0.540 29.0 
50 1 50.0 50.0 0.600 25.0 
50 2 50.0 50.0 0.603 24.5 
50 3 50.0 50.0 0.645 22.3 
^Kernel moisture content was 26.15 percent (wet basis). 
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Table H.5. Effect of siedium size com kernels^ (Pioneer 3388) on 
absorbance 
Wt. of Wt. of 
sound split Percent 
Percent Replica­ kernels kernels trans­
damage tions (gm) (gm) Absorbance mission 
0 1 100.0 0.0 0.030 93.0 
0 2 100.0 0.0 0.035 92.0 
0 3 100.0 0.0 0.035 92.0 
5 1 95.0 5.0 0.080 83.0 
5 2 95.0 5.0 0.095 81.5 
5 3 95.0 5.0 0.080 83.0 
10 1 90.0 10.0 0.107 73.0 
10 2 90.0 10.0 0.125 75.0 
10 3 90.0 10.0 0.134 73.3 
15 1 85.0 15.0 0.190 64.6 
15 2 85.0 15.0 0.175 66.5 
15 3 85.0 15.0 0.185 65.5 
20 1 80.0 20.0 0.235 58.0 
20 2 80.0 20.0 0.230 59.0 
20 3 80.0 20.0 0.240 57.5 
25 1 75.0 25.0 0.320 48.0 
25 2 75.0 25.0 0.340 45.5 
25 3 75.0 25.0 0.338 46.0 
30 1 70.0 30.0 0.436 36.5 
30 2 70.0 30.0 0.410 39.0 
30 3 70.0 30.0 0.365 43.0 
40 1 60.0 40.0 0.430 37.0 
40 2 60.0 40.0 0.455 35.0 
40 3 60.0 40.0 0.513 29.8 
50 1 50.0 50.0 0.501 31.0 
50 2 50.5 50.0 0.615 23.0 
50 3 50.0 50.0 0.505 30.8 
kernel moisture content was 25.0 percent (wet basis). 
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Table H. 6. Effect of small size com kernels^ on absorbance 
Wt. of 
Wt. of split 
sound kernels Percent 
Percent Replica­ kernels added trans- j. 
damage tions (gm) (gm) Absorbance mission 
0 1 100.0 0.0 0.065 86.0 
0 2 100.0 0.0 0.060 87.0 
5 1 95.0 5.0 0.165 68.0 
5 2 95.0 5.0 0.170 67.8 
10 1 90.0 10.0 0.280 52.0 
10 2 90.0 10.0 0.270 53.5 
15 1 85.0 15.0 0.380 41.0 
15 2 85.0 15.0 0.382 41.5 
20 1 80.0 20.0 0.505 31.0 
20 2 80.0 20.0 0.500 31.5 
25 1 75.0 25.0 0.505 31.0 
25 2 75.0 25.0 0.510 30.0 
30 1 70.0 30.0 0.620 23.0 
30 2 70.0 30.0 0.600 25.0 
40 1 60.0 40.0 0.760 12.0 
40 2 60.0 40.0 0.825 14.0 
50 1 50.0 50.0 1.900 11.0 
50 2 50.0 50.0 1.400 7.4 
^The variety was Pioneer but the number was unknown. The moisture 
content was 23.58 percent (wet basis). 
Beckman DB-G spectrophotometer at 610 nm. 
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APPENDIX I: DATA ON THE DAMAGE DISTRIBUTION ALONG CONCAVE, 
ABSORBANCE READING, AND COMPARISON OF DAMAGE 
INDICES 
Table I.l. Damage distribution along concave of a conventional 
combine and absorbance reading of selected combine-
harvested com samples 
Var// b 
Obs. harvest- MC Fines 
No. ing date (% w.b.) RPM Rep Zone (%) 
1 1/10-9-75 27.8 435 1 1 0.69 
2 t f  I I  435 1 2 0.59 
3 I t  I I  435 1 3 0.78 
4 I t  I t  435 1 4 0.61 
5 I I  I I  435 2 1 0.40 
6 I I  t l  435 2 2 0.59 
7 I I  I I  435 2 3 0.52 
8 1 1  I I  435 2 4 0.42 
9 1 1  t l  435 3 1 0.72 
10 I I  I t  435 3 2 0.60 
11 I I  I t  435 3 3 0.49 
12 I I  t l  435 3 4 0.26 
13 n I t  540 1 1 0.61 
14 I I  I t  540 1 2 0.72 
15 I t  t r  540 1 3 0.59 
16 I t  I t  540 1 4 0.41 
17 T l  I t  540 2 1 0.78 
18 I I  I t  540 2 2 0.57 
19 I !  I t  540 2 3 0.48 
20 I t  I t  540 2 4 0.59 
21 I t  f t  540 3 1 1.12 
22 I t  t l  540 3 2 0.95 
23 I t  t l  540 3 3 0.66 
24 I t  I t  540 3 4 0.41 
25 I t  I t  640 1 1 0.84 
26 I I  I t  640 1 2 1.08 
27 I I  t l  640 1 3 1.06 
Variety 1: Black B73xM017; Variety 2: Pioneer 3388. 
^Fines obtained through a 4.76 mm (12/64 in.) round-hole sieve. 
^Percentage by weight (gm) . 
^Damage index (v) = [(severe damage) 40 + (major damage) 10 + 
(minor damage) 2 + sound kernels]/10.0. 
^Readings frcsn a Beckman DB-G grating spectrophotometer at 610 nm 
wavelength and cell thickness of 1 cm. 
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Severe Major Minor ^ Sound ^ Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (v)d 
4.41 11.82 20.88 62.89 39.92 0.425 
2.28 14.95 8.70 74.07 33.21 0.430 
2.98 19.19 4.02 73.81 39.30 
2.39 13.62 8.41 75.58 32.42 0.460 
3.52 8.81 10.22 77.45 32.68 
2.76 10.96 8.81 77.47 31.52 0.460 
5.55 11.98 8.34 74.13 43.26 — — 
1.57 11.48 8.21 78.74 27.28 0.352 
4.80 12.86 19.38 62.96 42.23 0.710 
2.53 6.95 6.68 83.84 26.79 — — 
4.51 11.39 12.57 71.54 39.10 — — 
1.23 9.44 14.56 74.77 27.74 — — 
4.93 10.40 17.56 67.11 40.36 0.460 
2.58 12.93 8.69 75.80 32.57 — — 
2.59 11.28 6.57 79.56 30.92 0.490 
4.66 11.22 11.08 73.03 39.40 0.590 
3.60 9.80 8.00 78.61 33.65 
4.02 7.50 16.81 71.67 34.11 
4.08 13.36 12.39 70.17 39.17 0.720 
5.12 8.57 6.51 79.79 38.35 — — 
3.15 7.82 8.97 80.06 30.21 — — 
4.03 16.03 20.42 59.52 42.19 0.700 
3.33 11.60 23.31 61.77 35.73 — — 
4.81 8.46 12.42 74.32 37.62 — — 
5.67 8.42 15.49 70.42 41.24 — — 
6.94 8.05 31.46 53.55 47.44 — — 
Table I.1 (Continued) 
Var./ 
Obs. harvest- MC Fines 
No. ing date (% w.b.) RPM Rep Zone (%) 
28 1/10-9-75 27.8 640 1 4 0.95 
29 t l  t t  640 2 1 1.07 
30 I t  T T  640 2 2 1.16 
31 I t  I t  640 2 3 1.04 
32 I t  t t  640 2 4 0.73 
33 t t  T T  640 3 1 0.75 
34 I t  t l  640 3 2 1.16 
35 I I  t t  640 3 3 0.99 
36 I t  t t  640 3 4 0.93 
37 1/10-10-75 22.8 450 1 1 0.45 
38 I I  t t  450 1 2 0.54 
39 I t  I t  450 1 3 0.56 
40 I I  t t  450 1 4 — — 
41 t t  T T  450 2 1 0.49 
42 I I  t t  450 2 2 0.54 
43 I T  t t  450 2 3 0.48 
44 T l  t t  450 2 4 0.43 
45 I I  I t  450 3 1 0.49 
46 t l  1 1  450 3 2 0.40 
47 I t  I t  450 3 3 0.31 
48 t l  T T  450 3 4 0.41 
49 T t  t t  540 1 1 0.63 
50 I T  I I  540 1 2 0.65 
51 T T  t t  540 1 3 0.55 
52 T T  J t  540 1 4 0.57 
53 I I  I I  540 2 1 0.66 
54 I T  t l  540 2 2 0.53 
55 t t  1 1  540 2 3 0.55 
56 I T  1 1  540 2 4 0.41 
57 I T  I t  535 3 1 0.43 
58 T t  t t  535 3 2 0.52 
59 T T  I t  535 3 3 0.43 
60 T l  I t  535 3 4 0.24 
61 T l  I t  630 1 1 0.38 
62 T T  t t  630 1 2 0.53 
63 T T  I t  630 1 3 — — 
64 T t  I I  630 1 4 
65 I T  T T  630 2 1 0.37 
66 T t  I T  630 2 2 0,52 
67 I t  I T  630 2 3 0.51 
68 I t  I t  630 2 4 — — 
69 I t  I T  630 3 1 0.79 
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Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (v) 
5.29 17.27 16.46 70.97 47.84 0.680 
4.83 10.48 12.68 72.01 39.54 
6.29 7.67 11.54 74.50 42.58 — — 
5.10 20.06 15.58 59.25 49.51 — — 
3.16 14.25 13.67 68.92 36.51 — — 
6.15 10.97 17.54 65.33 45.63 — — 
6.22 11.36 14.76 67.66 45.96 
4.23 9.72 28.35 57.69 38.10 0.450 
1.79 11.64 10.03 76.55 28.45 — — 
0.88 13.30 9.87 75.95 26.40 0.260 
1.35 10.83 24.78 63.04 27.48 — — 
3.61 7.09 9.57 79.73 31.40 — — 
2.57 8.84 9.42 79.18 28.92 — — 
1.63 10.35 11.61 76.42 26.81 — — 
1.44 9.70 12.15 76.70 25.50 0.252 
2.35 5.12 4.89 87.64 24.28 — — 
1.66 2.90 13.90 81.54 20.47 — — 
2.05 6.34 12.66 78.95 24.95 
2.53 9.07 12.16 76.24 29.25 — — 
2.27 11.39 14.89 71.46 48.39 0.321 
3.57 13.80 7.82 74.82 43.93 0.360 
2.92 9.18 25.21 62.69 42.27 — — 
3.78 11.18 28.87 56.17 — — — — 
3.73 7.15 7.96 81.16 56.86 — — 
2.64 6.22 12.61 78.53 49.27 
3.29 15.48 8.34 72.89 52.76 0.520 
2.96 6.44 15.63 74.97 42.95 — — 
1.36 12.04 6.99 79.60 47.11 0.230 
1.48 7.09 12.94 78.50 45.70 — — 
4.55 16.53 24.38 54.53 51.36 0.440 
2.55 16.34 16.50 64.62 44.06 0.265 
2.73 8.18 7.97 81.12 51.20 0.260 
4.30 14.36 25.20 56.15 55.72 0.320 
4.75 21.93 14.45 58.87 56.70 — — 
3.24 24.57 40.85 31.33 49.47 0.500 
2.60 10.92 9.13 77.35 38.92 — — 
2.10 12.86 23.87 61.16 48.20 0.290 
2.90 9.11 29.10 58.89 52.91 — — 
5.74 22.57 8.13 63.56 46.82 0.425 
3.80 10.34 3.87 82.00 49.51 — — 







(% w.b.) RPM Rep Zone 
Fines 
(%) 
70 1/10-10-75 22.8 630 3 2 0.89 
71 I f  I I  630 3 3 — — 
72 I I  11 630 3 4 — — 
73 2/10-13-75 30.2 450 1 1 0.94 
74 I I  11 450 1 2 0.82 
75 I I  I I  450 1 3 0.67 
76 I t  11 450 1 4 0.38 
77 I f  I t  450 2 1 1.21 
78 11 n 450 2 2 — — 
79 I I  I I  450 2 3 0.90 
80 11 I t  450 2 4 0.71 
81 I I  f t  450 3 1 0.75 
82 I I  I I  450 3 2 0.89 
83 I I  I t  450 3 3 1.03 
84 11 I t  450 3 4 0.75 
85 11 I t  545 1 1 0.73 
86 I I  I I  545 1 2 1.02 
87 I I  I t  545 1 3 1.04 
88 I I  I f  545 1 4 0.83 
89 I I  I f  545 2 1 0.90 
90 I f  I f  545 2 2 1.09 
91 I I  I f  545 2 3 1.04 
92 I T  I t  545 2 4 1.06 
93 I I  I f  545 3 1 0.93 
94 11 I I  545 3 2 0.95 
95 I I  I f  545 3 3 0.98 
96 11 I t  545 3 4 0.74 
97 I I  I t  635 1 1 0.77 
98 I I  I t  635 1 2 1.05 
99 I t  I I  635 1 3 1.10 
100 I I  I t  635 1 4 0.85 
101 11 I t  630 2 1 0.79 
102 I I  I t  630 2 2 1.04 
103 I I  I t  630 2 3 1.18 
104 I I  I t  630 2 4 0.99 
105 I t  11 630 3 1 0.83 
106 I I  I I  630 3 2 1.09 
107 I I  I I  630 3 3 1.10 
108 I f  I t  630 3 4 0.80 
109 I I  I I  720 1 1 0.98 
110 I t  I I  720 1 2 1.58 
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Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
























































































49.27 — — 

















54.11 — — 
47.07 — — 






56.75 — — 
49.80 





Table I.l (Continued) 
Var,/ 
Obs. harvest­ MC Fines 
No. ing date (7o w.b.) RPM Rep Zone (%) 
Ill 2/10-13-75 30.2 720 1 3 1.50 
112 I t  I t  720 1 4 0.80 
113 2/10-15-75 23.0 450 1 1 0.88 
114 I T  f t  450 1 2 0.48 
115 t |  I f  450 1 3 0.61 
116 t l  450 1 4 0.51 
117 I I  f t  450 2 1 0.66 
118 t l  I I  450 2 2 0.63 
119 T l  I f  450 2 3 0.66 
120 I f  t f  450 2 4 0.62 
121 t t  450 3 1 0.70 
122 I t  I t  450 3 2 0.64 
123 t l  t t  450 3 3 0.50 
124 f t  t f  450 3 4 0.40 
125 I t  t l  540 1 1 0.78 
126 t l  I f  540 1 2 0.60 
127 t l  I f  540 1 3 0.55 
128 I t  t l  540 1 4 0.43 
129 t l  t f  540 2 1 0.55 
130 I I  t f  540 2 2 0.70 
131 t l  I t  540 2 3 0.71 
132 f t  t t  540 2 4 0.47 
133 t t  t l  540 3 1 0.78 
134 t t  1 1  540 3 2 0.78 
135 t t  t f  540 3 3 0.77 
136 t t  t t  540 3 4 0.54 
137 I t  t t  640 1 1 — — 
138 t t  t l  640 1 2 0.72 
139 11 11 640 1 3 0.96 
140 1 1  t f  640 1 4 0.80 
141 t t  f t  635 2 1 
142 t t  f t  635 2 2 0.82 
143 I t  f t  635 2 3 
144 I t  f t  635 2 4 
145 t t  I f  635 3 1 
146 I I  I f  635 3 2 
147 I t  I f  635 3 3 1.24 
148 t f  f f  635 3 4 
149 2/10-16-75 21.2 440 1 1 0.81 
150 t t  t t  440 1 2 0.83 
151 t t  t t  440 1 3 1.03 
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Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (V) 
8.39 24.41 39.56 27.64 68.65 
2.31 12.07 26.64 58.98 32.53 0.190 
1.84 8.62 28.58 60.96 27.79 0.290 
5.14 26.82 7.20 60.84 54.91 — — 
3.89 12.60 50.30 33.21 41.54 0.175 
4.23 7.01 16.62 72.15 34.45 — — 
— — - - — — — — 0.222 
3.45 4.96 10.56 81.03 28.98 — — 
2.37 14.64 39.64 43.35 36.38 0.225 
2.56 10.23 30.49 56.72 32.25 0.210 
2.44 7.61 15.24 74.71 27.88 — — 
2.66 5.85 23.44 68.06 27.98 — — 
3.02 11.52 24.78 60.68 34.62 0.320 
3.18 10.21 28.49 58.12 34.45 — — 
2.33 14.11 44.71 38.85 36.25 — — 
— — — — 
— — 
— — 0.263 
6.08 16.47 35.67 41.78 52.09 — — 
2.82 10.56 21.37 65.25 32.65 0.250 
3.04 10.40 26.08 60.48 33.81 
3.01 13.24 25.24 58.51 36.18 — — 
3.55 13.84 48.42 34.19 41.13 0.245 
3.82 7.13 21.41 67.65 33.44 — — 
3.88 11.18 26.76 58.18 37.87 0.314 
4.62 12.02 29.99 53.37 41.83 — — 
6.30 15.28 46.02 32.39 52.95 — — 
3.40 12.45 33.03 51.11 37.78 0.390 
3.73 17.24 38.21 40.82 43.87 0.280 
5.14 16.93 35.28 42.65 48.81 
5.31 22.41 50.62 21.66 55.96 0.370 
2.84 10.71 25-92 60.53 33.30 0.250 
5.50 11.52 29.49 53.49 44.75 0.260 
3.62 19.80 36.95 39.63 45.64 0.400 
6.74 21.35 39.40 32.51 59.43 0.420 
3.58 10.50 28.13 57.79 36.22 0.295 
3.54 10.09 35.19 51.17 36.41 0.540 
6.07 17.08 31.24 45.61 52.17 0.450 
6.77 18.38 39.88 34,97 56.93 
2.09 6.55 26.50 64.87 26.69 0.195 
4.32 6.18 12.77 76.73 33.70 — — 


















































(% w.b.) RPM Rep Zone 
Fines 
(%) 
.0-16-75 21.2 440 1 4 0.85 
It II 440 2 1 0.54 
II It 440 2 2 0.82 
II II 440 2 3 0.61 
II IT 440 2 4 0.49 
11 II 440 3 1 0.55 
II II 440 3 2 0.52 
II tl 440 3 3 0.67 
II II 440 3 4 0.27 
It 11 535 1 1 0.52 
II II 535 1 2 0.81 
II II 535 1 3 1.11 
11 II 535 1 4 0.53 
It 11 535 2 1 0.58 
II II 535 2 2 0.66 
II II 535 2 3 0.80 
II tl 535 2 4 0.75 
II II 535 3 1 0.57 
II II 535 3 2 0.82 
II It 535 3 3 0.87 
II 11 535 3 4 0.75 
II It 625 1 1 0.82 
II 11 625 1 2 0.84 
tl II 625 1 3 0.95 
tl II 625 1 4 0.88 
II 11 625 2 1 0.54 
tl II 625 2 2 0.85 
II II 625 2 3 1.24 
II It 625 2 4 1.15 
II II 625 3 1 0.53 
11 II 625 3 2 0.82 
11 It 625 3 3 1.01 
II tt 625 3 4 1.20 
)-16-75 19-0 435 1 1 0.65 
tl II 435 1 2 0.53 
It II 435 1 3 0.61 
11 ft 435 1 4 0.23 
11 11 440 2 1 0.77 
11 II 440 2 2 0.68 
11 11 440 2 3 0.44 
It 11 440 2 4 0.41 
11 11 440 3 1 0.75 
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Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (5) (%) (V) 
1.91 2.06 13.74 82.30 20.65 
3.17 6.67 31.42 58.74 31.52 — — 
3.39 6.66 18.31 71.63 31.05 — — 
3.68 11.61 23.23 61.48 37.12 0.140 
2.44 6.21 18.37 72.89 26.94 
2.33 6.03 34.82 56.82 27.99 — — 
4.68 4.89 19.51 70.91 34.61 0.220 
3.09 3.78 18.94 74.19 27.33 0.160 
3.51 10.01 32.30 54.19 35.91 
3.77 9.47 19.07 67.69 35.13 — — 
4.13 18.80 37.99 39.08 46.83 0.350 
2.95 4.64 15.09 77.32 27.20 
4.15 9.17 25.20 61.47 36.97 0.267 
5.26 6.48 16.90 71.36 38.05 — — 
3.98 5.88 21-39 68.75 32.94 0.207 
4.45 7.01 42.39 46.15 37.90 — — 
4.68 9.68 29.90 55.73 39.97 0.215 
5.30 11.53 35.29 47.88 44.58 0.434 
— — — — — — — — — — 0.237 
4.10 9.71 24.15 62.04 37.16 0.290 
5.66 14.88 28.89 50.57 48.34 0.232 
4.95 12.57 21.50 60.98 42.76 — — 
3.65 7.11 10.96 78.28 31.74 0.225 
— — — — 
— — 
— — — — 0.217 
6.89 14.88 26.16 52.08 52.87 0.345 
6.02 20.37 29.46 44.14 54.76 0.325 
3.67 5.29 13.53 77.51 30.44 — — 
— — 0.275 
5.35 13.54 40.82 40.29 47.14 0.370 
7.48 20.75 35.15 36.63 61.35 0.352 
3.30 8.56 20.64 67.51 32.62 — — 
3.01 9.13 18.60 69.27 31.80 — — 
2.69 6.82 7.91 82.58 27.40 — — 
2.89 14.11 9.47 73.52 34.94 0.305 
1.86 7.29 4.47 86.39 24.24 — — 
2.21 6.10 3.60 88.09 24.47 — — 
1.41 5.26 19.54 73.80 22.18 — — 
1.31 14.29 22.30 62.11 30.19 0.130 
3.16 7.27 22.56 67.01 31.13 — — 
Table I.l (Continued) 
Var./ 
Obs. harvest- MC Fines 
No. ing date (% w.b.) REM Rep Zone (%) 
194 1/10-16-75 19.0 445 3 2 0.15 
195 f t  1 1  445 3 3 0.29 
196 T l  1 1  445 3 4 0.63 
197 I I  I I  540 1 1 0.69 
198 1 1  I t  540 1 2 0.67 
199 I I  I I  540 1 3 0.66 
200 I I  1 1  540 1 4 0.40 
201 I I  I t  535 2 1 0.21 
202 1 1  1 1  535 2 2 0.52 
203 I t  f t  535 2 3 0.52 
204 I I  t l  535 2 4 0.52 
205 I I  f t  535 3 1 0.57 
206 I t  1 1  535 3 2 0.82 
207 I t  f t  535 3 3 • 0.79 
208 I t  I I  535 3 4 0.70 
209 I I  1 1  630 1 1 1.17 
210 I t  1 1  630 1 2 1.48 
211 I t  f t  630 1 3 1.93 
212 I t  1 1  630 1 4 1-53 
213 I t  f t  625 2 1 0.74 
214 I t  1 1  625 2 2 1.05 
215 I t  I f  625 2 3 1.20 
216 I t  1 1  625 2 4 1.19 
217 I t  1 1  625 3 1 0.76 
218 I I  1 1  625 3 2 0.92 
219 I t  I I  625 3 3 1.15 
220 I t  I f  625 3 4 0.79 
221 2/10-20-75 26.8 455 1 1 0 . 6 8  
222 I I  I f  455 1 2 0.62 
223 I I  f l  455 1 3 0.70 
224 1 1  1 1  455 1 4 0.77 
225 1 1  1 1  450 2 1 0.55 
226 1 1  I f  450 2 2 0.55 
227 1 1  I f  450 2 3 0.63 
228 1 1  I f  450 2 4 0.45 
229 I I  1 1  445 3 1 0.40 
230 1 1  I I  445 3 2 0.44 
231 I I  I f  445 3 3 0.46 
232 t l  I t  445 3 4 0.43 
233 1 1  I f  540 1 1 0.72 
234 1 1  1 1  540 1 2 0.70 
235 t l  I t  540 1 3 0.81 
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Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (V) 
1.88 8.60 19.17 70.36 27.00 0.280 
1.31 6.64 11.74 80.31 22.25 0.385 
2.45 7.70 3.28 86.56 26.81 — — 
3.91 8.16 14.67 73.25 34.08 0.185 
3.96 6.89 34.95 54.21 35.13 0.425 
3.28 9.30 9.79 77.63 32.13 0.290 
3.08 10.70 4.23 81.99 32.05 0.260 
3.52 8.87 13.16 74.45 33.03 0.240 
4.55 15.90 24.44 55.11 44.51 0.325 
3.29 7.69 24.87 64.15 32.23 — — 
4.32 6.18 12.54 76.96 33.66 
2.67 5.94 19.49 71.90 27.72 — — 
3.75 17.50 25.57 53.18 42.92 
4.14 21.12 13.73 61.01 46.52 a a 
7.49 16.37 25.86 50.28 56.53 — — 
7.39 31.98 14.97 45.67 69.08 — — 
10.43 44.06 27.20 18.30 93.07 1.400 
3.50 18.06 9.08 69.36 40.80 — — 
2.83 8.16 19.81 69.20 30.35 — — 
6.24 15.45 25.55 52.76 50.81 — — 
6.29 12.56 34.16 46.99 49.24 — — 
1.54 8.57 19.37 70.51 25.66 — — 
4.42 22.99 22.97 49.63 50.22 0.440 
4.10 11.97 21.52 62.42 38.91 —— 
8.50 14.73 32.35 44.42 59.65 — — 
2.63 14.01 30.14 53.21 35.90 — — 
— — — — — — — — 0.185 
3.18 8.40 17.93 70.48 31.77 — — 
5.90 11.28 32.41 50.41 46.42 0.520 
3.17 8.13 22.17 66.53 31.91 0.270 
4.20 5.40 25.73 64.67 33.79 0.190 
3.72 12.29 52.79 31.21 40.83 0.520 
— — — — — — — — — — 0.240 
2.55 8.05 20.50 68.90 29.26 — —' 
2.00 6.64 19.60 71.77 25.72 0.170 
1.78 6.96 10.00 81.26 24.19 0.225 
3.41 10.38 21.46 64.75 34.78 0.270 
5.07 7.75 26.67 60.50 39.44 0.237 
3.53 10.56 27.48 58.44 35.99 — — 







(7o w.b.) KPM Rep 
Fines 
(%) 
236 2/10-20-75 26.8 540 1 4 0.45 
237 t t  I t  530 2 1 0.55 
238 I I  I t  530 2 2 0.77 
239 I I  I I  530 2 3 0.90 
240 I t  t l  530 2 4 0.41 
241 t l  I t  530 3 1 0.69 
242 I I  I I  530 3 2 0.66 
243 I I  t l  530 3 3 0.80 
244 I I  I I  530 3 4 0.49 
245 I t  t l  625 1 1 0.50 
246 I I  I I  625 1 2 0.65 
247 I I  I f  625 1 3 0.76 
248 I f  I I  625 1 4 0.59 
249 I I  I I  615 2 1 0.66 
250 1 1  I I  615 2 2 0.79 
251 I t  I I  615 2 3 0.76 
252 I I  I T  615 2 4 0.57 
253 I I  I I  615 3 1 0.67 
254 f t  t r  615 3 2 0.77 
255 I t  I I  615 3 3 0.86 
256 I I  I I  615 3 4 0.66 
257 I t  I t  745 1 1 0.79 
258 1 1  I I  745 1 2 1.01 
259 I I  I t  745 1 3 1.35 
260 I t  I t  745 1 4 1.17 
261 2/10-30-75 15.2 435 1 1 0.84 
262 I I  I I  435 1 2 1.00 
263 I t  I I  435 1 3 1.17 
264 I I  I t  435 1 4 0.92 
265 I I  I I  440 2 1 0.63 
266 I I  I t  440 2 2 0.53 
267 I t  I I  440 2 3 0.57 
268 I I  I t  440 2 4 0.49 
269 I I  I f  445 3 1 0.67 
270 1 1  I I  445 3 2 0.60 
271 I I  I I  445 3 3 0.58 
272 I I  f t  445 3 4 0.54 
273 I t  I I  540 1 1 0.62 
274 t t  I I  540 1 2 0.71 
275 t l  I I  540 1 3 0.86 
276 t l  I I  540 1 4 1.00 
273 
Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
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Table I.l (Continued) 
Var./ 
Obs. harvest­ MC Fines 
No. ing date (% w.b.) RPM Rep Zone (%) 
277 2/10-30-75 15.2 540 2 1 0.60 
278 11 I I  540 2 2 0.76 
279 f f  t t  540 2 3 1.06 
280 I I  I T  540 2 4 1.00 
281 I I  I I  540 3 1 1.06 
282 I I  T t  540 3 2 1.42 
283 I t  T l  •  540 3 3 1.93 
284 I I  T l  540 3 4 1.96 
285 I I  I I  640 1 1 1.01 
286 T l  T t  640 1 2 1.32 
287 I I  T l  640 1 3 1.55 
288 I I  T T  640 1 4 2.05 
289 T l  I t  635 2 1 1.16 
290 I I  I T  635 2 2 1.29 
291 I I  I t  635 2 3 1.99 
292 I I  t t  635 2 4 1.80 
293 I T  I t  635 3 1 0.83 
294 T l  t l  635 3 2 1.01 
295 I I  I t  635 3 3 1.40 
296 I I  t t  635 3 4 1.64 
297 I T  t t  730 1 1 1.22 
298 I I  t t  730 1 2 1.34 
299 I I  T T  730 1 3 2.36 
300 T l  T t  730 1 4 2.05 
301 1/11-14-75 16.0 445 1 1 0.65 
302 I I  T t  445 1 2 0.57 
303 I T  t t  445 1 3 0.77 
304 I I  I T  445 1 4 0.63 
305 I I  T T  440 2 1 0.48 
306 I I  T T  440 2 2 0.44 
307 I T  t t  440 2 3 0.46 
308 I T  I t  440 2 4 0.23 
309 1 1  I t  440 3 1 0.45 
310 I I  I t  440 3 2 0.59 
311 I I  I t  440 3 3 0.60 
312 I I  t l  440 3 4 0.43 
313 I t  t t  545 1 1 0.63 
314 I T  I t  545 1 2 0.61 
315 I I  I I  545 1 3 0.66 
316 T l  t l  545 1 4 0.77 
317 I I  I t  540 2 1 0.43 
318 I I  I t  540 2 2 0.43 
275 
Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (v) 
2.62 9.68 32.66 55.04 32.21 0.165 
3.19 12.32 44.54 39.95 37.98 0.195 
4.77 24.68 37.69 32.86 54.59 — — 
7.08 20.94 25.92 46.06 59.04 
4.29 3.59 38.15 53.98 33.78 — — 
4.70 20.57 4.73 70.00 47.32 — — 
10.17 31.09 43.86 14.88 82.04 — — 
8.40 36.42 38.92 16.27 79.41 0.268 
3.83 12.60 29.03 54.54 39.18 0.190 
7.32 12.70 22.87 57.11 52.26 — — 
7.18 25.26 37.99 29.57 64.52 0.420 
— — — — — — — — 0.360 
2.75 17.13 26.47 53.64 38.79 — — 
5.61 23.18 35.91 35.31 56.31 0.435 
5.68 28.24 30.24 35.84 60.59 — — 
3.50 13.52 30.30 52.69 38.85 0.235 
4.00 15.93 32.61 47.45 43.21 0.247 
7.81 29.39 37.51 25.29 70.66 
7.77 25.79 40.13 26.31 67.52 — — 
6.68 13.00 8.21 72.11 48.58 — — 
6.78 16.90 36.08 40.25 55.25 — — 
10.19 27.10 35.47 27.25 77.55 
1.35 5.36 8.43 84.86 20.92 _ _ 
2.86 6.24 12.62 78.28 28.03 
2.21 15.24 9.95 72.60 33.34 
2.63 18.96 25.81 52.59 39.92 0.270 
1.84 20.46 11.61 66.10 36.73 — — 
2.69 5.32 15.39 76.60 26.81 :: 
8.82 33.72 35.97 21.49 78.33 0.315 
3.03 6.42 20.38 70.17 29.62 — — 
3.52 11.43 26.68 58.37 36.69 — — 
3.51 8.98 27.20 60.31 34.48 — — 
5.74 30.05 24.25 39.95 61.87 0.620 
1.43 6.33 20.34 71.90 23.30 — — 







(7o w.b.) REM Rep Zone 
Fines 
(%) 
319 1/11-14-75 16.0 540 2 3 0.59 
320 I T  I t  540 2 4 0.54 
321 I f  I I  540 3 1 0.41 
322 I f  I I  540 3 2 0.63 
323 I I  I t  540 3 3 0.85 
324 I t  I I  540 3 4 0.73 
325 I t  I I  645 1 1 1.30 
325 t l  I I  645 1 2 1.90 
327 I t  I t  645 1 3 2.74 
328 I I  t t  645 1 4 2.05 
329 I I  I I  635 2 1 0.60 
330 I I  I t  635 2 2 1.07 
331 I I  I t  635 2 3 1.26 
332 t l  I t  635 2 4 1.58 
333 t l  I t  630 3 1 1.09 
334 I t  t t  630 3 2 1.36 
335 I t  t t  630 3 3 2.18 
336 t l  t t  630 3 4 1.88 
337 t l  I t  730 1 1 1.86 
338 I t  t t  730 1 2 2.96 
339 I t  t t  730 1 3 4.62 
340 I I  t t  730 1 4 4.69 
341 2/11-14-75 18.0 465 1 1 1.08 
342 I I  t t  465 1 2 0.84 
343 I I  I I  465 1 3 0.88 
344 I I  I t  465 1 4 0.74 
345 I t  I I  460 2 1 0.66 
346 I I  t t  460 2 2 0.67 
347 I t  I I  460 2 3 0.56 
348 I I  I I  460 2 4 0.46 
349 I t  I I  450 3 1 0.42 
350 I t  I t  450 3 2 0.54 
351 t l  I t  450 3 3 0.47 
352 I I  1 1  450 3 4 0.51 
353 I t  1 1  550 1 1 0.65 
354 I T  I t  550 1 2 0.72 
355 I t  I t  550 1 3 0.92 
356 I I  I t  550 1 4 0.71 
357 f !  I t  550 2 1 0.42 
358 t t  I t  550 2 2 0.86 
359 I t  t l  550 2 3 0.53 
360 I I  I I  550 2 4 0.36 
277 
Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (v) 
2.25 9.38 27.35 61.02 29.97 — — 
1.58 10.26 31.16 57.00 28.52 
1.09 3.50 13.17 82.24 18.71 
2.89 14.45 26.43 56.24 36.92 
5.35 27.37 4.11 63.16 55.92 
3.29 16.16 9.49 71.07 38.31 —  —  
7.67 20.66 8.98 62.70 59.39 0.508 
13.02 19.37 17.35 50.26 79.93 —  —  
17.45 28.03 15.09 39.43 104.81 —  —  
3.10 4.31 13.55 79.04 27.31 —  —  
4.05 8.21 25.27 62.47 35.72 —  —  
8.54 20.20 34.85 36.41 64.97 —  —  
1.82 10.80 21.04 66.35 28.92 — —  
3.81 6.17 23.15 66.87 32.72 —  —  
6.68 9.21 16.08 68.03 45.94 - -
14.79 21.70 13.76 49.75 88.59 » mm 
4.87 10.50 18.35 66.27 40.29 — — 
10.78 10.47 16.58 62.18 63.11 — — 
22.76 37.26 6.87 33.11 132.98 — — 
27.25 25.17 10.09 37.50 139.92 — — 
3.36 8.89 9.72 78.04 32.07 — — 
1.87 8.14 21.71 68.28 26.77 0.130 
3.36 9.20 33.05 54.38 34.70 0.220 
3.63 20.56 33.96 41.85 46.05 0.240 
2.81 8.31 30.23 58.65 31.45 0.197 
2.95 8.92 21.02 67.11 31.45 0.180 
3.07 14.24 24.30 58.39 37.22 —  —  
2.47 15.21 61.08 21.24 39.44 
3.97 9.31 17.03 69.69 35.56 0.145 
2.85 9.35 22.12 65.68 31.74 0.130 
3.48 11.74 35.61 49.17 37.69 0.190 
1.61 10.19 26.17 62.03 28.07 0.100 
3.94 13.25 29.80 53.01 40.28 0.195 
4.16 16.27 31.11 48.46 43.97 —  —  
5.00 15.00 24.00 56.00 45.60 —  —  
1.62 6.15 17.97 74.26 25.65 —  —  
3.38 13.36 22.72 60.55 37.47 0.150 
5.15 16.60 32.74 45.51 48.29 —  —  
4.61 20.57 43.99 30.84 50.89 —  —  







(7. w.b.) RPM Rep Zone 
Fines 
(%) 
361 2/11-14-75 18.0 545 3 1 0.67 
362 t t  1 1  545 3 2 0.68 
363 t l  t f  545 3 3 0.80 
364 1 1  t t  545 3 4 0.35 
365 I I  t l  640 1 1 0.63 
366 1 1  1 1  640 1 2 0.87 
367 t t  1 1  640 1 3 1.37 
368 1 1  1 1  640 1 4 0.90 
369 1 1  1 1  635 2 1 0.76 
370 1 1  t t  635 2 2 1.17 
371 t t  t l  635 2 3 1.53 
372 I f  I I  635 2 4 1.41 
373 1 1  I t  625 3 1 0.64 
374 1 1  t l  625 3 2 1.01 
375 t t  I t  625 3 3 1.47 
376 1 1  t l  625 3 4 1.30 
377 1 1  I t  725 1 1 0.83 
378 1 1  I t  725 1 2 1.62 
379 1 1  1 1  725 1 3 2.47 
380 1 1  1 1  725 1  4 2.37 
279 
Severe Major Minor Sound Damage 
damage damage damage kernels index Absorbance 
(%) (%) (%) (%) (V) 
2.55 11.19 19.92 66.34 32.00 
- -
5.23 18.25 36.42 40.09 50.48 0.240 
4.20 27.30 38.13 30.38 54.74 0.195 
4.85 12.11 20.26 62.78 41.86 0.230 
4.15 14.91 29.81 51.14 42.57 0.360 
6.15 21.25 30.42 42.18 56.14 0.288 
9.38 28.59 31.61 30.42 75.49 0.410 
2.90 13.69 33.50 49.91 36.99 
4.89 21.46 24.35 49.30 50.81 
7.61 27.71 32.85 31.82 67.92 0.360 
10.22 26.28 31.76 31.74 76.67 0.340 
2.46 3.72 16.16 77.66 24.57 — — 
3.53 14.23 22.00 60.24 38.75 0.780 
6.65 22.62 36.20 34.53 59.95 0.330 
8.29 32.13 29.28 30.30 74.16 — — 
2.96 15.90 29.58 51.56 38.80 0.210 
5.83 21.77 21.12 51.28 54.45 
11.25 28.13 22.61 38.01 81.47 
14.04 39.28 28.70 17.98 102.97 0.780 
Table 1.2. The use of different damage indices for critical evalu­


















1 0.69 4.41 11.82 20.88 62.89 
2 0.59 2.28 14.95 8.70 74.07 
3 0.61 2.39 13.62 8.41 75.58 
4 0.59 2.76 10.96 8.80 77.47 
5 0.42 1.57 11.48 8.21 78.74 
6 0.59 2.76 10.98 8.81 77.47 
7 0.59 2.60 11.28 6.57 79.56 
8 0.41 4.66 11.22 11.08 73.03 
9 1.07 5.29 17.27 16.46 60.97 
10 0.45 4.23 9.72 28.35 57.69 
11 0.56 0.88 13.30 9.87 75.95 
12 0.43 1.44 - 9.70 12.15 76.70 
13 0.63 2.27 11.39 14.89 71.46 
14 0.65 3.57 13.80 7.82 74.82 
15 0.55 3.23 15.48 8.34 72.89 
16 0.43 1.36 12.04 7.00 79.60 
17 0.43 4.55 16.53 24.39 54.53 
^Com variety: Black B73XM017. 
^Fines obtained through a 4.76 mm (12/64 in.) round-hole sieve. 
^Percentage by weight (gm). 
damage index (I) = fines + severe damage + major damage + 
minor damage, (%). 
^Damage index (II) = severe damage + major damages + minor 
damage, (%). 
^Damage index (III) = severe damage + major damage, (%). 
damage index (IV) = [(severe damage)10 + (major damage)6 + 
(minor damage)2 + sound kernels]/ 10. 
damage index (V) = [(severe damage)40 + (major damage) 10 + 
(minor damage)2 + sound kernels]/ 10. 
^Readings from a Beckman DB-G grating spectrophotometer at 610 nm. 
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Damage Damage Damage Damage Damage 
index index index index index Absorbance 







































































































Table 1.2 (Continued) 
Severe Major Minor Sound 
Obs. Fines damage damage damage keme! 
No. (%) m (%) (%) (%) 
18 0.24 2.55 16.34 16.50 64.62 
19 0.38 2.73 8.18 7.97 81.12 
20 0.53 4.30 14.36 25.20 56.15 
21 0.52 2.10 12.86 23.87 61.16 
22 0.23 2.89 14.11 9.47 73.52 
23 0.41 1.31 14.29 22.30 62.11 
24 0.30 1.88 8.60 19.17 70.36 
25 0.63 1.31 6.64 11.74 80.31 
26 0.67 3.91 8.16 14.67 73.25 
27 0.66 3.96 6.89 34.95 54.21 
28 0.40 3.28 9.30 9.79 77.63 
29 0.21 3.08 10.70 4.23 81.99 
30 0.52 3.52 8.87 13.16 74.45 
31 0.52 4.55 15.90 24.43 55.11 
32 0.92 4.42 22.99 22.97 49.63 
33 0.46 2.63 18.96 25.81 52.59 
34 0.77 5.74 30.05 24.25 39.95 
35 1.90 7.67 20.66 8.98 62.70 
283 
Damage Damage Damage Damage Damage 
index index index index index Absorban 
(I) (II) (III) (IV) (V) 
35.62 35.38 18.88 22.11 36.29 0.265 
19.26 18.88 10.91 17.35 28.82 0.260 
44.38 43.85 18.66 23.57 42.21 0.320 
39.36 38.84 14.96 20.71 32.15 0.290 
26.71 26.48 17.00 20.61 34.94 0.305 
38.30 37.89 15.59 20.55 30.19 0.130 
29.93 29.64 10.48 17.91 27.00 0.280 
20.32 19.70 7.95 15.67 22.25 0.385 
27.41 26.75 12.08 19.07 34.07 0.185 
46.45 45.79 10.84 20.50 35.13 0.425 
22.77 22.37 12.58 18.58 32.13 0.290 
18.22 18.01 13.77 18.54 32.05 0.260 
26.06 25.55 12.39 18.92 33.03 0.240 
45.40 44.89 20.45 24.50 44.51 0.325 
51.29 50.37 27.41 27.77 50.22 0.440 
47.87 47.41 21.60 24.43 39.92 0.270 
60.82 60.05 35.80 32.62 61.87 0.620 
39.21 37.30 28.32 28.13 59.39 0.508 
